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ABSTRACT 



A personalized system of instruction utilizing self-con- 
tained text material and combining the principle of auto- 
tutorial instruction with modified self-pacing was developed 
for a course in aircraft performance. The course material, 
contained in Appendix A, was applied to the aircraft perform- 
ance portion (six weeks) of a 12 week course in aircraft per- 
formance, control and stability taught to 11 students in the 
Department of Aeronautics at the Naval Postgraduate School, 
Monterey, California, during the summer quarter of 1976. The 
course results, summarized in Appendix B and C, tended to 
confirm the advantages and substantial value of this instruc- 
tional method. 

In addition, the course material will be utilized by the 
Office of Continuing Education, Naval Postgraduate School, 
Monterey, in its program of offering basic background 
courses off campus in preparation for graduate study. 
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ENGINEERING EDUCATION TODAY 



I . 

Engineering education has undergone and continues to 
undergo dramatic changes in both methods and direction to 
meet the challenges of escalating complexity in today ' s en- 
vironment, Engineering education, while meeting these 
challenges, must contend with rising costs, increasing 
public scrutiny and a downward trend in number of candi- 
dates. Engineering educators are now investigating new 
methods of instruction that make more efficient utilization 
of time for both the student and teacher while exploring 
new avenues to provide fresh insight into the student’s 
engineering education. 

The new changes and methods being pursued in today's 
engineering education are contrasted with the conventional 
lecture method. This venerable and current prevalent method 
involves an instructor who presents the course material 
through the media of the spoken word, using no materials or 
training aids other than a chalk board. This conventional 
lecture method usually has the following characteristics 
[Ref. 1] : 

a. The lecture is time- cons trai ned by the standard sched- 
uled period. 

b. The student is in a passive role and is expected to 
transcribe by notes, or otherwise record whatever infor- 
mation he deems essential. 

c. The pace is essentially fixed by the lecturer based on 
the scheduled contact hours/course coverage. 
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d. There is virtually no "real-time" feedback. Due to the 
time constraints, questions or individual difficulties 
are usually deferred. This leads to the not unusual 
situation of the student missing vital succeeding con- 
cepts while momentarily pondering a puzzling point. 

e. The clarity of presentation is strongly dependent on 
the expository ability of the lecturer. 

Each situation in which the lecture method is utilized 
may not contain each of the above characteristics exactly as 
described but nevertheless will contain some modification of 
these characteristics. 

The prior use of the conventional lecturer method has 
been perpetuated for reasons which are often for administra- 
tive expediency at the sacrifice of quality of education. 

The conventional lecture method uses a rapid and inexpensive 
dispensing of information by the instructor with a minimum 
amount of equipment and materials. The actual receipt of 
this information by the student, however, is not guaranteed 
using the conventional lecture method. Additionally, the 
personal preferences of the lecturer can often bias the pre- 
sentation of information to only those concepts which are 
academically convenient for the lecturer because of his back 
ground and experience. 

Several varieties of non-lecture methods are currently 
being investigated by engineering educators as alternatives 
to the conventional lecture method. Nearly all of the 
methods are self-paced, incorporate the reinforcement theo- 
ries first introduced by Sidney Pressey and B. F. Skinner 
[Ref. 2], and involve the use of a tutor. Engineering educa 



tors have found that one of the best methods to handle the 



complex concepts involved in engineering is the method known 
as "Personalized (or Proctorial) System of Instruction" 

[Ref. 3]. 
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II 



ENGINEERING EDUCATION AT THE 
NAVAL POSTGRADUATE SCHOOL 



In addition to the problems mentioned in Section I, en- 
gineering education at the Naval Postgraduate School, 
Monterey, California, faces unique restrictions not normal- 
ly encountered at civilian institutions. These restrictions 
include dependence on Congressional allocation for school 
operating funds, unique educational requirements and utili- 
zation of officer graduates by the Navy, and constraints 
imposed on officer students by sea-shore rotation patterns 
and unpredictability of operational commitments. 

As a result of Congressional action on the fiscal year 
1974 Department of Defense Appropriation Bill, across-the- 
board reductions in funds for all services’ graduate educa- 
tion programs have been made [Ref. 4]. Not only has an 
annual limitation now been placed on the number of officers 
each Service may have in graduate schools but there are now 
Congressional demands for further cost savings in these 
programs. Student enrollment statistics at the Naval Post- 
graduate School since the time of the first Congressional 
action shows its effects, with about 1000 students now en- 
rolled as compared to a maximum of 1800 in 1971 [Ref. 5]. 

Not only has the enrollment been decreased in an effort to 
reduce cost, but the duration of an officer student's 
tour at the Naval Postgraduate School is being scrutinized. 
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The Select Study Committee Report of Navy Graduate Education 
Program for the Secretary of the Navy found that 70 percent 
of the total cost to the Navy of officer education is attri- 
butable to officer salary and permanent change of station 
(PCS ) charges . 

The unique educational requirements and utilization of 
officer graduates by the Navy call for a rigorous program 
of preparatory study in basic undergraduate level material 
at a time when a reduction in the officer student's tour at 
the Naval Postgraduate School is being emphasized. The 
Select Study Committee Report of Navy Graduate Education 
Program noted that the way in which the Navy manages its 
officer corps and utilizes its specialty and subspecialty 
talents place severe constraints on the educational alterna- 
tives that are available and have greatly influenced the 
development of non- tr adi tional educational programs to their 
present, stage. Studies indicate that as many as 50 percent 
of the incoming officers at NPS intended to enroll in curri- 
cula in which they did not have the prerequisites for direct 
admissibility to a graduate institution [Ref. 6]. In addi- 
tion, students returning to NPS for formal advanced education 
may change from their original specialty field in order to 
fulfill Navy needs. As a result of the problem of varying 
knowledge, skill levels and diversity of background, a 
rigorous program of preparatory studies is required for a 
significant percentage of officer studies. The Select Study 
Committee found that there is a high probability that many 
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of these preparatory studies could be given in advance of 
attendance at NPS [Ref. 5]. 

The sea-shore rotations coupled with operational commit- 
ments place unique constraints on the availability of offi- 
cer students. While the Cong r e s s io nal ly- impo s e d student 
ceiling is a factor, the decline in the number of Naval 
officers entering graduate programs is due primarily to com- 
peting requirements to man fleet units and training activi- 
ties while total Naval officer strength has been reduced 
[Ref. 4]. As Admiral J. S. Holloway, Chief of Naval Opera- 
tions, has stated in Ref. 7: 

"Operations at sea are conducted under unique condi- 
tions ‘and require unique skills and knowledge. This, in 
turn, produces an important side effect that significant- 
ly affects the assignment of officers to postgraduate 
training and the sub§equent utilization of their skills. 

The very fact that the professional Naval officer must be 
thoroughly familiar with the wide range of conditions 
encountered at sea locks him into a sea-shore rotation 
pattern that ultimately acts to constrain Naval educa- 
tional programs in terms of opportunity, content, and 
duration. " 

To counter the unique constraints and restrictions placed 
upon engineering education at NPS, several prominent individ- 
uals and study groups have advocated the use of non-tradi- 
tional education methods (PSI) and a continuing education 
program. The Department of Defense Committee on Excellence 
in Education recommended in Ref. 8 that, in order to reduce 
the time officers are in residence as students, the Continu- 
ing Education Program be continued and expanded. Upon a 
review of faculty utilization and productivity at the invita- 
tion of the Superintendent of NPS, Provost Emeritus F. E. 
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Terman, Stanford University, emphasized the use of innova- 
tive methods for education through the use of new technolo- 
gies and ideas. Dr. Terman noted the prospects for the 
Personalized System of Instruction (PSI) in its application 
to graduate programs at NPS [Ref. 4]. The Navy Graduate 
Education Program Select Study Committee concluded that in 
order to decrease the time in residence for completing the 
preparatory work for a degree, thus reducing the total cost; 
and in order to increase the availability of education to a 
wider audience, thus serving more Navy officers; and to use 
more effectively the available resources of faculty and 
facilities, the following recommendations were made: [Ref. 5] 

"The U. S. Navy strongly support continuing education 
as a primary function of the NPS, with appropriate 
budgetary support . 

The NPS be designated as the center not only for 
residential graduate education, but also for developing 
off-campus non- traditional methods of instruction using 
innovative methods (such as PSI)." 

In Ref. 4, the Department of Aeronautics at NPS was 
singled out for their use of PSI to reduce education costs 
by reducing time in residence. The Aeronautical Engineering 
curriculum preparatory phase was reduced to two quarters and 
was developed into the format of one-unit, self-study PSI 
modules. This PSI format permits the entry of students into 
the program at any time they can be ordered to NPS and allows 
the student to be scheduled to study the sequence of individ- 
ual modules best suited to his intended area of specializa- 
tion, proceeding initially at his own pace. The study guide 



13 



material found in Appendix A is currently being used 
the Aeronautical Engineering curriculum preparatory 
in aircraft performance. 



in 

phase 
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III. PERSONALIZED SYSTEM OF INSTRUCTION 



There have been many variations of the non-lecture 
methods that have led to the development of the Personalized 
System of Instruction. The programmed text, the various 
teaching machines and computers are direct applications of 
the reinforcement theory but suffer from a relatively in- 
flexible structure and tendency to design the instructor 
out of the picture. Engineering problem solving and design 
which uses cognitive strategy and complex concepts are not 
amenable to these constraints on structure and instruction. 
Closed circuit television, instructor and peer tutoring, 
visual aids, printed notes and outlines, while improving the 
lecture method, do not allow the student the basic need of 
proceeding at his own best speed. The evolution of the Per- 
sonalized System of Instruction has resulted out of the 
deficiencies of the conventional lecture method and these 
various non-lecture alternatives. 

Personalized instruction was first introduced in 1963 by 
two Brazilian teachers, ‘ Rodolpho Azzi and Carolina Martuscelli 
Bori, as a method of unive-risty instruction at the University 
of Brasilia [Ref. 9]. Professor F. H. Keller, Professor 
Emeritus of Psychology, Columbia University and Center for - 
Personalized Instruction, Georgetown University, is generally 
regarded as the principal author of the present form of Per- 
sonalized System of Instruction used in this country. 
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Professor Keller, who collaborated with Professors Azzi and 



Bori and Professor J. 0. Sherman of Georgetown University, 
first described Personalized System of Instruction in his 
now classic paper found in Ref. 3 as follows: 

1. The 1 go-a t-your-own-pace 1 feature, which permits a 
student to move through the course at a speed com- 
mensurate with his ability and other demands upon 
his time; 

2. The unit-perfection requirement for advance, which 
lets the student go ahead to new material only after 
demonstrating mastery of that which preceded; 

3. The use of lectures as vehicles of motivation, rather 
than sources of critical information; 

4. The related stress upon the written word in teacher- 
student communication; and finally; 

5. The use of proctors, which permits repeated testing, 
immediate scoring, almost unavoidable tutoring and 

a marked enhancement of the personal-social aspect 
of the education process. 

The Personalized System of Instruction has been imple- 
mented by essentially every academic department at NPS for 
varying numbers of courses. The Office of Continuing Educa- 
tion, which is tasked with the overall coordination of PSI 
courses, has promulgated the following guidelines for the 
development of these courses: 

1. The written word is used as the primary means of 
information transfer. There are few lectures, if 
any, in a PSI course. 

2. The course material is divided into small units. 

A statement of behavioral learning objective is 
supplied for each unit. 

3. The units are studied sequentially. The student 
must master each unit before proceeding to the next 
unit. Mastery is demonstrated by achieving a high 
score on a unit diagnostic test. If a student does 
not achieve the desired mastery score on a unit test, 



there will be no penalty. He is told where he needs 
further study on that unit. He will take another 
test on the same unit at a later time. A final exam 
is given at the end of the course after all units 
have been completed. 

4. A tutor (proctor on campus) is required to grade the 
unit exams and record the progress of each student. 
When a PSI course is delivered off campus the tutor 
will also answer questions normally answered by the 
instructor (professor) during on-campus courses. 

5. The course is quasi self-paced. Some students will 
finish the units quickly? others will take longer. 
Some completion time limit is usually placed on each 
course . 

The course materials for PSI courses at NPS usually con- 
tain a textbook (optional) , a study guide, a course policy 
statement, unit diagnostic exams and a mid-term and final 
exam. For off-campus courses the tutor has, in addition to 
the above materials, a PSI tutor* s manual, the unit diag- 
nostic exam answers and answers to the study questions in 
the study guide. 

Results of implementation of the Personalized System of 
Instruction have shown both problems and benefits of this 
method. The principal problems encountered are summarized 
as follows: [Ref. 10] 

1. Logistic and administrative workload is increased. 

2. Staff (proctor /tutor ) is increased. 

3. Class size for effective implementation is limited. 

4. Procrastination by students creates problems for 
administration . 

The benefits encountered are summarized as follows: 

1. PSI is self-paced and is an efficient way to learn. 
(This is an important feature for students whose 
time is valuable.) 
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2. The highly organized nature of the course materials 
makes them an excellent source for review after 
course completion . 

3. Utilization of the mastery concept builds confidence 
in the student and removes the fear of competition 
with one's peers. 

4. The tutor/proc tor can deal with individual difficul- 
ties which require personal attention. 

Experience has shown that courses can be arranged to 
minimize the above problems and, when coupled with the above 
benefits. Personalized System of Instruction method results 
in increases in effectiveness of instruction. For a more 
detailed description of the Personalized System of Instruc- 
tion, Ref. 9 is recommended. 
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IV. THE CONTINUING EDUCATION PROGRAM 



The course material, contained in Appendix A, will be 
utilized by the Office of Continuing Education, Naval Post- 
graduate School, Monterey, in its program of offering a 
basic background course off campus in aircraft performance 
in preparation for graduate study. 

The Continuing Education Program was established in 
June, 1974, as a means of providing extended educational ser- 
vices that include the offerings of credit courses off campus 
and the delivery, both on and off campus, of pro f e s i o nal 1 y 
relevant short courses. The basic background courses used 
in preparation for graduate studies are to be delivered off 
campus in a quasi s e 1 f- ins true tional self-paced mode for the 
same academic credit as received when taken on campus. The 
short courses are designed to meet specific needs of operat- 
ing units and for technical update of military and Department 
of Defense personnel with nationally recognized Continuing 
Education Units (CEU) awarded for their completion. 

This self-instruction course, contained in Appendix A, 
will be delivered to officers at their current duty stations 
for completion during off duty hours of work/study periods. 
This course, prepared in accordance with the Personalized 
System of Instruction (PSI), has been selected primarily 
from course material normally taken in the initial phase of 
the Aeronautical Engineering Curricular program at the Naval 
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Postgraduate School, Its completion will reduce student 
time required in subsequent fully-funded graduate education 
programs . 

The basic characteristics of the PSI method make this 
system readily adaptable for effective off campus instruc- 
tion, since it is based primarily on the written rather 
than the spoken word for information transfer. The course 
study material is divided into six sequential individual 
units, and student progress is determined by mas ter y- leve 1 
performance on unit diagnostic examinations. Diagnostic 
testing may be repeated without penalty until unit mastery 
has been demonstrated. The designated tutor will be avail- 
able for tutorial assistance, will grade the unit examina- 
tions and will record the progress of each student. The 
provided course materials include the specific learning ob- 
jectives and a policy statement which delineates the final 
examination policy and the performance required to earn 
specific grades. Final examinations will be administered 
on site by a third party and graded at the Naval Postgradu- 
ate School by the NPS professor who has overall responsi- 
bility for this course. Throughout this course, a communi- 
cations arrangement will be available between the professor 
and the s tudent- tutor team. 

The Continuing Education Office will qualify individuals 
as designated Naval Postgraduate tutors and will maintain a 
current list of qualified military officers who have volun- 
teered to serve in this capacity. A designated tutor is 
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provided with a comprehensive PSI tutor* s manual to guide 
him in his efforts. 

Application for enrollment in this self-instructional 
course may be made at any time by filling out the appro- 
priate form from the Office of Continuing Education, Naval 
Postgraduate School. The application should be forwarded 
to Superintendent (Code 500), Naval Postgraduate School, 
via the command holding the applicant's service or personnel 
record in accordance with Ref. 11. The Naval Postgraduate 
School will maintain academic transcripts on all personnel 
who enroll in its Continuing Education credit courses and 
short courses . 
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V. STUDY GUIDE DESCRIPTION AND USE 



The fundamentals of the Personalized System of Instruc- 
tion were applied to a basic, introductory course in aircraft 
performance. The course material was devised to permit its 
use not only in off-campus work, but also as half of a one- 
quarter (12 weeks) course in performance and stability on- 
campus at NPS. The end results are contained in Appendix A 
and represent the major effort by the author in this thesis. 

The course work is divided into six units. Each of these 
six units are subdivided into either two or three subunits. 

The major areas of material for each unit are as follows: 

a. Unit 1 - a basic introduction, the atmosphere, air- 

craft instrumentation . 

b. Unit 2 - aircraft drag, power required, and thrust 

required . 

c. Unit 3 - climb and descent performance. 

d. Unit 4 - range, cruise climb, and endurance. 

e. Unit 5 - maneuvering, instantaneous maneuverability 

and tactical performance. 

f. Unit 6 - take-off and landing performance. 

In addition to these units, the study guide contains three 
appendices to facilitate in the student's preparation for 
and progress through the course work, A brief description 
of these appendices follows: 

a. Appendix I - tables of aerodynamic data 

b. Appendix II - a brief description of dimensional 

analysis 
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c. Appendix III - a brief review of basic mechanics 

Each student is provided a study guide for each unit of 
instruction on which he is working. The basic content of 
each study guide is as follows: 

a. Unit objectives - defined in terms of measurable 
behavior . 

b. Unit procedures - defined in terms of reading assign- 
ments, areas of concentration, and recommended study 
tactics for that particular unit. 

c. Unit study questions - defined in terms of discussion 
of the general philosophy and specific techniques 

o f solution . 

d. Self-contained reading material - defined in terms 
of discussion of theoretical concepts and applica- 
tions to specific situations. 

e. Unit supplementary problems - defined in terms of 
answers and guidance where necessary. 

The reading material for these units is self-contained 
but the student should be urged to make use of any addi- 
tional resource material that is available. A limited 
bibliography is listed at the beginning of Appendix A. 

As a general manner of approach, the student should be 
urged to read the Statement of Objectives prior to reading 
the resource material. This will furnish an indication of 
what is to be expected from the unit. The student should 
then read the resource material twice; once rather rapidly 
in order to obtain the general knowledge of the contents, 
and then a second time more slowly looking for correlation 
with the objectives. After reading the assigned material, 
the student should attempt to answer the study questions 
without reference to the reading material. If only one or 



23 



two questions require reference to the reading material, it 
can be assumed that the student has a fairly good comprehen- 
sion of the contents of the unit. If a greater number of 
questions can not be answered closed book, the student should 
re-read the assignment and then repeat the Study Questions. 

After the study questions are answered, the student may 
wish to attempt the Supplementary Problems prior to taking 
the Unit Test. The Supplementary Problems serve two purposes; 
they provide additional reinforcement of key material in the 
Unit and they offer an opportunity for numerical solutions to 
what otherwise may be just statements of relationships. 

If the student is unable to achieve mastery of the Unit 
Tests, he will be directed to review the Statement of Objec- 
tives, the resource material and the study questions and then 
to attempt another test on the same unit. 

While time is not normally a dimension of PSI courses, 
there being neither pluses nor minuses for early or late 
work, in the on-campus environment there exists an implicit 
requirement to complete a given amount of work in a given 
time period so that the individual and the group may move on 
to other subjects. For this reason, it is to be expected 
that the on-campus student will average at least one unit 
completed per week. It is recommended that the off-campus 
student attempt a somewhat similar pace if possible. 
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VI . ON CAMPUS APPLICATION OF PSI 
TO AIRCRAFT PERFORMANCE 



The Department of Aeronautics at NPS, in order to permit 
entry of students into the Aeronautical Engineering curricu- 
lum at any point dictated by the operational needs of the 
Navy, has designed its preparatory phase into the format of 
one-unit, self-study PSI modules. The study guide material 
contained in Appendix A is currently being used in the Aero- 
nautical Engineering curriculum preparatory phase in aircraft 
performance . 

This introduction to aircraft performance is presented 
in two PSI courses titled AE 2305, Performance I, and AE 2306, 
Performance II. The first course. Performance I, AE 2305, 
consisting of Unit 1, Unit 2, and Unit 3, covers standard 
atmospheres, the altimeter, defined airspeeds, the airspread 
indicator, machmeter, drag polar, flight polar, thrust and 
power required, climbing performance, ceilings, and range 
and endurance at constant altitude. The second course, Per- 
formance II, AE 2306, consisting of Unit 4, Unit 5, and Unit 
6, covers cruise climb characteristics for range and endurance, 
energy management, turns, pull-ups, V-n diagram, take-off and 
landing performance. There is one hour credit given for the 
completion of each course. 

In the development of these study guides, not only was 
compatibility with the continuing education program considered 
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but compatibility with the academic quarter system used on- 
campus at NPS was also considered. These study guides were 
to be used in the first half of a 12 week course in aircraft 
performance, control and stability. While retaining the 
self-paced, self-guided feature of the Personalized System 
of Instruction, each of the six instruction units was de- 
signed to be finished at the average rate of one unit per 
week. The student's pace needed to be controlled in the 
long term sence to ensure the class was prepared to start 
the second half of the course (control and stability) at ap- 
proximately the same time. The second half of the course 
was taught in a quasi-PSI, conventional lecture method. 
Therefore, a recommended scheduling of the self-paced unit 
check tests was given to each student. 

Two other modifications to the Personalized System of 
Instruction were made to accommodate the on-campus course. 
The mid-term and final examinations were made optional, 
with the course grades being assigned on the basis of number 
of successful completions of unit quizzes in comparison 
with the number of unit quizzes attempted. This modifica- 
tion was suggested by the instructor and agreed upon by the 
students. Additionally, group tutoring sessions, requested 
by a majority of the students, were held by the instructor 
on points of particular difficulty or complexity. These 
group tutoring sessions were in addition to the individual 
tutoring by the proctor and the instructor. 
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VII. EVALUATION OF RESULTS 



In order to evaluate the relative effectiveness of the 
PSI Study Guides developed in this thesis, a comparison be- 
tween a class of students taught by an instructor using the 
conventional lecture method and a class of students taught 
in the Personalized System of Instruction method during the 
summer quarter of 1976 was attempted. Students in the con- 
ventional lecture classes were asked for their opinions of 
their comprehension and retention of the course material and 
were additionally quizzed verbally by the author on key 
points in the course material. Due to lack of statistical 
significance of any data involving this group, grade compari 
sons were considered to have little meaning. The students 
in the PSI class were given a comprehensive student question 
naire administered at the end of the PSI portion of the 
course and were critiqued as a group by the author on all 
facets of the course. In the opinion of the author, there 
was a better overall comprehension of course material by the 
student in the PSI class as determined by student critiques 
and interviews. 

The student questionnaire, contained in Appendix B, was 
administered to each student in the PSI class. Several im- 
portant issues concerning the PSI method were noted. The 
numerical average of the student responses was tabulated in 
the enclosed boxes shown with each question. The student’s 
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apparent high regard for the various facets of the Personal- 
ized System of Instruction are noted along with their opinion 
of other aspects of the administration of the course. 

Representative comments from the student questionnaire 
along with comments from the critique session tended to cor- 
roborate the numerical results of the questionnaire and are 
contained in Appendix C. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 



The subjective evaluations of the students involved in 
the PSI course in aircraft performance (Appendix B and 
Appendix C), the demonstrated compatibility of the PSI meth- 
od of instruction with the Aeronautical Engineering curricu- 
lum, along with the proven success of other PSI courses at 
NPS tend to confirm the advantages and substantial value of 
the Personalized System of Instruction as an efficient and 
effective method of instruction. While some modifications 
to the pure PSI methods were made in the initial offering 
of the aircraft performance course, the majority of the 
students involved indicated a relatively greater effort was 
exerted and a deeper understanding of the course material 
was obtained by having been taught in the PSI method. 

* The PSI method has demonstrated the needed flexibility 
to permit entry of students into the Aeronautical Engineer- 
ing curriculum at any time they can be ordered to NPS. The 
PSI method has also demonstrated the ability to allow the 
scheduling sequence of individual unit modules best suited 
to the student's intended area of specialization. The 
initial results of the PSI courses have indicated that stu- 
dents generally complete the Aeronautical Engineering cur- 
riculum preparatory phase in a shorter time than was true 
under the conventional lecture method. The PSI method holds 
the promise of reducing education costs by utilization of 
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the Continuing Education Program off-campus and by reduction 
of time in residence on campus. 

It is recommended that the aircraft performance segment 
of the aircraft performance, control and stability course 
continue to be taught in the PSI mode. It is recommended 
that the use of a proctor, drawn from one of the students 
who has successfully completed the course, in addition to 
the assigned instructor, be continued. It is recommended 
that the tutor be compensated by an appropriate amount of 
academic credit for the undertaking of this task. 

It is recommended that the student questionnaire, con- 
tained in Appendix B, be applied to the students currently 
being taught in the aircraft performance course in the Winter 
Quarter 1976-1977. At the present instructor’s prerogative, 
the course, while using a portion of the study guides con- 
tained in Appendix A, is being taught in a quasi PSI-conven- 

tional lecture method without the use of a proctor. The 

compilation of student evaluations would serve as a useful 
comparison between the PSI method and the conventional lec- 
ture method. It is recommended that the resulting student 
critique and comments be used to further update and refine 
the study guides contained in Appendix A. 

It is recommended that the user's feedback of the study 

guides be solicited from participants in the aircraft per- 

formance course offered off-campus by the Office of Continu- 
ing Education. The comments also could be used to update 
and refine the present form of the study guides. 
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Finally, it is recommended that the six-week control 
and stability segment of the on-campus aircraft performance, 
control, stability course be developed in the PSI mode. 

This development of the PSI method for the entire 12-week 
course would allow the self-pace aspect of PSI to be more 
fully explored. 
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APPENDIX A 



STUDY GUIDES 



The Study Guides developed for the introductory course 
in aircraft performance were designed to be used as a self- 
contained text. Source material used in this development 
can be found in Refs. 12-19. Students desiring a more in- 
depth study of the various topics contained in these Study 
Guides are referred to the above mentioned references. The 
Statement of Objectives was developed using methods found 
in Ref . 20. 
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Unit 1 - Introduction, The Atmosphere, Aircraft Instrumentation 
OBJECTIVES 

As a result of your work in this Unit, you should be able to: 

1. List four properties of air used in constructing the ICAO Standard 

Atmosphere. 

2. State the equation for a perfect gas. 

3. List the ICAO Standard Sea Level Conditions. 

4. Define geometric altitude, geopotential altitude and temperature altitude. 

5. Derive an ICAO Standard Atmosphere table using the equation of state, 
temperature versus altitude relationship and sea level conditions. 

6. Use an ICAO Standard Atmosphere table. 

7. State the non-dimensional relationships for pressure, density and tempera- 
ture ratios based on sea level conditions. 

8. State the principle of operation of an altimeter and an airspeed indicator. 

9. Define ground speed, Mach number. Equivalent air speed, Indicated air 
speed, and calibrated air speed, and relate these to True air speed. 

10. Define and characterize stagnation pressure, static pressure and dynamic 
pressure. 

11. Distinguish free-stream (ambient) pressure and velocity from local values 
about the aircraft. 

2 

12. Distinguish between the quantities (q^ = P - P) and (q = % pV ). 
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PROCEDURE 

1. Read sections 1-A, 1-B and 1-C. 

2. Memorize equations (9), (17) and (21) in Section 1-C. 

3. Review the Statement of Objectives. 

4. Answer the Study Questions. 

5. Review the resource material as necessary, based on your difficulty with 
the Study Questions. 

When you are ready, ask for the written test on this Unit. This test 
will be Closed Book. If equations, other than those listed to be memorized, 
are required, they will be furnished. 
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STUDY QUESTIONS 

1. In the ICAO Standard Atmosphere, how does temperature vary with altitude 
in the Troposphere? 

2. Why are the relationships between density and pressure ratios different 
in the Troposphere and the Stratosphere? 

3. How may an altimeter be used to indicate the true field altitude? 

4. What parameter is corrected from standard conditions to ambient conditions 
in order to obtain Equivalent airspeed? 

5. True air speed (Eq. 2, Section 1-C) depends on local values of pressure 
and density. If standard sea level values are used (as in an air speed 
indicator), what type of air speed is given? 

6. When are Equivalent and True air speeds the same? 

7. What is the speed of sound for a perfect gas? 

8. What is the Equivalent air speed at an ICAO Standard Atmosphere geopoten- 

tial altitude of 17,500 feet if the True air speed is 500 feet per second? 

9. At the same altitude as Question 8, what is V if V_ = 500 knots? 

e i 

10. In an ICAO Standard Atmosphere, if the pressure ratio is 0.73 and the 
density ratio is 0.84, what is the temperature in degrees Rankine? 

2 

11. The dynamic pressure (q) at sea level at M = 1.0 is 1481.2 lb/ft . 

What Mach number is required at an ICAO geopotential altitude of 40,000 
feet to produce the same dynamic pressure? 
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STUDY QUESTIONS - SOLUTIONS 

1. In the Troposphere, temperature decreases linearly as altitude increases 
in the ICAO Standard Atmosphere. 

2. In the Troposphere the pressure ratio divided by the density ratio is 
equal to the temperature ratio, which decreases as altitude increases. 

In the Stratosphere the pressure ratio divided by the density ratio is 
still the temperature ratio, but this ratio remains constant in the 
Stratosphere due to the constant temperature.- 

3. By setting the altimeter at the field barometric pressure. 

4. True Airspeed. 

5. Equivalent Airspeed. 

6. When the ambient conditions are the same as the Standard Sea Level 

conditions . 

7. a = v/yRT 

8. 380.59 ft/sec 

9. 380.59 kts 

10. 450.68 °R 

11. M = 2.3 
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UNIT 1-A 



INTRODUCTION 



lA-1 OPTIMIZATION 

Implicit in the expression Aircraft Performance is the term 'Optimum'. 

It is not enough to calculate performance data or to attempt to use this data 
during flight unless the performance has been optimized. Inasmuch as manned 
aircraft have interfaces of the pilot actions, the airframe reactions and 
powerplant functions, the optimization must be, of a necessity, for the entire 
system and not any one of its integral parts. 

Too often those with some parochial view of a single performance facet 
concern themselves with the maximization or minimization of one operational 
parameter without regard for the effect of this action on some concurrent or 
subsequent action. As an example of this, consider the take-off performance 
of an aircraft. Minimizing the take-off distance may be required if the runway 
is of limited length or if there is an obstacle to be cleared immediately after 
lift-off, but if minimum take-off run is considered to be the prime criteria in 
evaluating all take-off performance, additional requirements such as safe climb- 
out speed or minimum time to reach a certain altitude may be severely penalized. 

Due to the departmentalized nature of the development of performance 
calculations to be presented, it may appear that each subsection stands on its 
own merits. The reader is cautioned, however, that the total performance 
problem requires many trade-offs in order that the overall performance calcu- 
lations may approach the optimum. 
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1A-2 APPROXIMATIONS 



Throughout, the reader will find many detailed equations which, with 
the proper inputs, will give precise results. This degree of accuracy is 
required in order to determine properly performance parameters, but in real 
life operational situations, one often finds that less precise information is 
available to the pilot, and indeed, considerably less accurate calculations 
may give quite realistic results. An example of this is the calculation of 
airspeed for some desired maneuver. Although it may be satisfying to those 
doing the calculations to obtain airspeed to three significant decimal places 
with a high confidence factor, the usefulness of this information to the 
pilot who can read his airspeed indicator only to within two to three knots 
is indeed suspect. 

A useful approximation in performance calculations is derived from the 
Bimomial Series expansion of a fractional exponent. Consider the series 



(1 + x) n = 


1 + — x 


, n(n-l) 


2 . n(n-l) (n-2)x 


+ 2! 


X ■ ^ | • .... 


when x = 0.40 , and 


n = .10 







In this case, the third and subsequent terms are not only quite small, but also 
have alternating positive and negative signs and may be neglected with little 
loss in accuracy. 

As an example of the use of this approximation, consider the problem 
where y is a function of the square root of z , and z is increased by ten 
percent. 

y = (z)“ (2) 

± i 

y + y = (z + Az) 2 = { (1 + 0.10)z} 2 
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Using the first two terms of equation (1) with x = 0.10 and n = -j 

y + Ay = (1 + | x 0.10 ) z 

or, 

y + Ay = (1.05)z : = 1.05y 



Ay = 0.05y 



(3) 

(4) 

(5) 



a check of the accuracy of this approximation may be made by rewriting equation 
(2) as 

y 2 = 2 (6) 

(y + Ay) 2 = (1.05) 2 = 1.1025 (7) 

the magnitude of the error is therefore 0.0025. 

As will be demonstrated later, this approximation method is quite 
valuable in determining the velocity/weight relationship inasmuch as velocity 
varies with the square root of the weight. 



1A-3 STANDARDS 

Performance calculations are much more meaningful if comparisons can be 
) 

made with other configurations of the same aircraft or with other aircraft. 

For this reason it is essential that all calculations be referred to a common 
base. This may be done by using dimensionless coefficients as in the case of 
Lift and Drag, or by correcting all data to some generally accepted base. The 
use of a Standard Atmosphere, as discussed in Unit 1-B, is an example of the 
latter, as is the reference to such items as Wing Loading (aircraft weight 
divided by the area of the main wing surface), and the weight/density ratio 
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(W/5) used in Drag calculations. 

Performance calculations for a single aircraft under different loading 
conditions, power output. Drag variant configurations, et cetera, may be 
standardized by referring each in turn to a standard weight, power, Drag, et 
cetera. This permits ready evaluation of different conditions by a simple 
comparison of results. It is to be recognized however that once data is re- 
duced to a standard, this data is no longer applicable to the specific set of 
conditions under which it was obtained. 

1A-4 UNITS AND DIMENSIONS 

All physical quantities may be expressed in terms of four basic dimen- 
sions. These are mass (M) , length (L) , time (T) , and temperature (0) . 
The units used in aeronautics for these dimensions are, in order, the slug, the 
foot, the second, and the degree Centigrade or the degree Kelvin. The slug is 
that mass which, when acted on by a force of one pound weight, has an accelera- 
tion of one foot per second per second. One slug is equivalent to 32.174 

pounds mass. The degree Kelvin is identical with the degree Centigrade, but 
is measured from the absolute zero of temperature whereas the Centigrade scale 
is measured (has its zero value) from the freezing point of water. Temperature 

in Centigrade is equal to the temperature in Kelvin minus 273. 

The basic dimensions may be used in a dimensional analysis (see Dimen- 
sional Analysis, Appendix II), to determine the unknown dimensions of a 
quantity if this quantity can be related to units that have a known dimension. 
For example, distance has the dimension of length (L). Speed, which is 
distance per unit time, has the dimensions of (LT ^) and acceleration, which 
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is speed per unit time has the dimensions of (LT ) . Since force is equal 
to mass times acceleration. 

Force = M x LT -2 = MLT -2 (8) 

it can be seen that force has the dimensions of (is measured in) slugs feet 
per second per second. 

Conversion factors permit the use of other than the basic dimensions 
in calculations. Speed, which is measured in feet per second, may be converted 
to miles per hour by multiplying by 60 x 60 (seconds per hour) and dividing by 
5280 (feet per mile). Similarly, by multiplying by 60 x 60 (seconds per hour) 
and dividing by 6000 (feet per nautical mile), speed may be expressed in terms 
of nautical miles per hour (knots) . 

It is good engineering practice to include all of the units for each 
value in a calculation in order to insure that the solution has the proper 
units . 

1A-5 CONVERSION FACTORS 

Any engineering handbook will contain conversion factors that will enable 
the user to make rapid conversions from one set of units to another. Some of 
the more commonly used factors applicable to performance calculations are con- 
tained in Table 1-1. 



42 



TABLE 1-1 
Conversion Factors 


Multiply 


Bv 


To Obtain 


Feet per minute 


0.01667 


Feet per seconds 




0.00987 


Knots 




0.01137 


Miles per hour 


Feet per second 


0.59208 


Knots 




0.68182 


Miles per hour 


Horsepower 


33000. 


Foot-pounds per minute 




550. 


Foot-pounds per second 


Knots 


1.68894 


Feet-per second 




1.15155 


Miles per hour 


Miles 


5280. 


Feet 




0.86839 


Nautical Miles 


Miles per hour 


88. 


Feet per minute 




1.4667 


Feet per second 




0.86839 


Knots 


Miles per hour squared 


2.15111 


Feet per second squared 


Pounds per square inch 


0.06805 


Atmospheres 




2.03601 


Inches of Mercury 


Radians 


57.29580 


Degrees (angle) 


Radians per second 


9.54930 


Revolutions per minute 




0.15916 


Revolutions per second 
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UNIT 1-B 



THE ATMOSPHERE 

IB-1 THE ATMOSPHERE 

The performance of aircraft is seriously affected by the atmospheric con- 
ditions in which they operate and these conditions are constantly changing. 
Performance data obtained in a particular set of atmospheric conditions is 
therefore meaningless unless this data can be correlated with other conditions. 
In order to compare performance data, the effects of the atmosphere must either 
be removed or corrected to some standard. Although the standards are much more 
meaningful if they approximate existing conditions, purely arbitrary standards 
may be used, provided that all calculations are referred to the same standard 
base. 

The earth T s atmosphere has been generally divided into four regions 
because of the variance of conditions in each of the regions. The Troposphere, 
closest to the earth, is the atmospheric region in which most clouds are 
formed and in which the air movement (winds) is characterized by turbulence. 

The height of the Troposphere extends from about five miles at the poles to 
about ten miles at the equator. Another characteristic of the Troposphere is 
that the ambient temperature generally decreases as one goes from the surface 
to the limits of the Troposphere (the Tropopause) . This decrease in tempera- 
ture with altitude is called the Lapse Rate, and is, on the average, fairly 
constant, although at any given time the temperature change rate may be less 
or greater (called an inversion) than the average. 
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From the upper limits of the Troposphere to approximately sixty miles 
above the surface of the earth is the region called the Stratosphere 0 High 
velocity winds may be found in this region, but these winds are generally 
steady in natureo The temperature in the Stratosphere remains effectively 
constant because this region is above the radiant heating from the earth and 
is protected by the upper ionization layers from the direct heating from the 
sun. 

The Ionosphere, which extends from the upper limits of the Stratosphere 
(the Stratopause) upwards to approximately 300 miles, is characterized by 
electrical phenomena both visible (aurora borealis) and invisible (ionization). 
In this region the temperature increases with altitude to as much as 4000 °F 
at the upper limits. 

The fringe region of the earth’s atmosphere extends from the Ionopause 
upwards to about 600 miles 0 In the Exosphere the air is so rarified as to 
offer negligible resistance to the passage of an object. 

IB-2 STANDARD ATMOSPHERE - IAC0 STANDARD ATMOSPHERE 

In order to provide a meaningful base for the comparison of aerodynamic 
parameters, various standard atmospheric models have been constructed. The 
National Advisory Committee for Aeronautics (NACA) , the predecessor of the 
National Aeronautics and Space Administration (NASA), created and published 
such a set of standards in 1922 in their Report 218. Variations of this set 
of "standards" were derived by various agencies throughout the world and 
were published as NACA Standard Summer Day, NACA Standard Winter Day, Air 
Force Summer Atmosphere, et cetera. In 1952 the International Civil Aviation 
Organization (ICAO) published a "Manual of the ICAO Standard Atmosphere" 
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which was adopted and published by the NACA as Report 1235 in 1955. 

The ICAO Standard Atmosphere was based on average, annual values observed 
at about Latitude 40° in North America up to an altitude of about 20,000 
meters (65,617 ft). Standard sea level values were designated (Table IB-1) 
and the following assumptions were made: 

a. The air is dry and homogeneous 

b. The equation of state (perfect gas law) applies 

p = gR' pT or p = R pT (1) 

where 

g = 32.174 ft/sec 2 

R f = 53.35 ft/°Rankine or 96.04 ft/°Kelvin 
The product of gR' = R is frequently used where 

R = 1716.55 ft 2 /sec 2 "Rankine 

c. Hydrostatic equilibrium exists 

dp a = - gpdH (2) 

a 

where 

p^ = ambient atmospheric pressure 
dH = change in geopotential height 

d. The measure of vertical displacement is geopotential. Geopotential 
is the measure of gravitational potential energy of a unit mass at a point 
relative to sea level. Geopotential is defined by the equation 

G dH = g dh (3) 
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where 



2 

G = a dimensional constant, 32.174 ft /(sec-geopot. ft) 

H = Geo potential at the point, geopotential feet 

2 

g = acceleration due to gravity, ft/sec 

h = Geometric (tapeline) altitude above mean sea level, feet 

The concept of geopotential height is used to accomodate the potential 
energy of a body when it is raised some distance above the earth due to the 
change in gravitational pull. For example, a unit mass with zero potential 
energy (at mean sea level) when raised to a geometric altitude, h , does 
not have an increase of potential energy equal to the product of the weight 
times the geometric altitude, (Wh) , due to the fact that the weight of the 
unit mass is less at the altitude because of the decrease in gravitational 
force. To achieve the proper potential energy on the basis of sea level 
gravity, the unit mass would have to be raised to a slightly higher altitude 
(geometric altitude) . 

Variations in geopotential and geometric altitudes are shown in Appendix 
I, Table 1. 

e. Temperature variations with geopotential is expressed as a series of 
straight lines. From sea level to 11,000 meters (36,089 feet) the temperature 
change is -0.001981 °C/geopotential foot, and from 11,000 meters to approxi- 
mately 25,000 meters (about 80,000 feet) the temperature is assumed to remain 
constant at -56.5 °C (-69.7 °F) . 

Below 36,089 feet 
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where 



a = Temperature Lapse Rate 



Above 36,089 feet 



T = (jj, (Constant) 



For the assumed straight line variations in temperature and the temperature 
- density - pressure relationships of equations (1) and (2) , pressure and 
density may also be expressed in terms of geopotential height. For the mathe- 
matical derivation of these relationships, refer to NACA Report 1235. 

A sketch of temperature, pressure and density as a function of geopotential 
altitude, with the standard sea level values as shown in Table IB-1, is shown 
in Figure IB-1. 



TABLE IB-1 



ICAO STANDARD ATMOSPHERE 



STANDARD SEA LEVEL VALUES 



Pressure 



2116.222 lb/ft 2 



Density 



Temperature 



518.688 °R (15 °C) 
0.0023769 lb'sec 2 /ft 4 



Sonic Velocity 1116.89 ft/sec 
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ICAO ATMOSPHERE 
FIG. IB-1 



For computational ease, ratio values are frequently used in listing 
temperature, density and pressure. These ratios are based on standard sea 
level values 



Temperature Ratio 


0 - t/t ss1 


Density Ratio 


0 ■ p/ pssl 


Pressure Ratio 


6 = p/p ssl 



Representative ICAO Standard Atmosphere values are given in Appendix I, 

Table 2. 
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IB-4 STANDARD ATMOSPHERE -U.S. STANDARD ATMOSPHERE SUPPLEMENTS, 1966 

The U.S. Standard Atmosphere Supplements, 1966 were prepared under the 
sponsorship of the Environmental Services Administration, National Aeronautics 
and Space Administration and the United States Air Force. In order to prepare 
more meaningful atmospheric tables, rather than just arbitrary standards, the 
COESA Working Group developed models of the atmosphere for altitudes up to 
120 kilometers for five geographical regions: 

Tropic (15° N) , annual average up to 120 km. 

Subtropic (30° N) , January and July to 80 Km and winter and summer 80 to 
120 km. 

Mid-latitude (45°N) , January and July to 80 km and winter and summer 80 
to 120 Km. 

Subarctic (60° N) , January and July to 80 km and winter and summer 80 to 
-J.20 km. 

Artie (75° N) , January and July to 30 km. 

Representative values of the Mid-latitude, Spring/Fall atmosphere are 
shown in Appendix I, Table 3. It is to be noted that the U.S. Standard 
Atmosphere Supplements, 1966 has listings for both geopotential and geometric 
altitudes in both english and metric units. 

IB- 5 STANDARD ATMOSPHERE - USSR 

Technical Reports and articles from the USSR indicate that the Soviet 
Union is using a Time Standard Atmosphere (TSA-60) circa 1960 based on the same 
temperature lapse rate as the ICAO Standard. 
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IB- 6 USE OF THE TABLES 



Inasmuch as the preponderance of the current aeronautic literature on 
aircraft performance is based on the ICAO Standard Atmosphere (textbooks, re- 
ports, NATOPS, et cetera), these tables (Appendix I, Table 2) will be used 
during this course. 

The fact that we have a standard atmosphere leads to several other terms 
with which the reader should be familiar. They are pressure altitude, density 
altitude, and temperature altitude. These words are meaningless unless a 
standard atmosphere is implied (in our case the ICAO standard) and are defined 
as follows : 

Hp, pressure altitude is that geopotential altitude in a standard ICAO 
atmosphere where a particular pressure may be found. 

Hp, density altitude is that geopotential altitude in a standard ICAO 
atmosphere where a particular density may be found. 

Hj_, temperature altitude is that geopotential altitude in a standard 
ICAO atmosphere where a particular temperature may be found. 

From the above definitions, it may be seen that pressure altitude, density 
altitude, and temperature altitude do not define altitudes but rather define 
pressure, density, or temperature. When any two are given, the third may be 
determined through the equation of state. 

As an example of the use of the Standard Atmosphere Tables, let us look 
at a sample problem: 

2 

For a pressure of 1124 lb/ft and 0 = 0.9 , determine the pressure, 
density and temperature altitude. Why are they different? 
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For a pressure 



of 1124 lb/ft 2 



the pressure ratio is 



<5 



Ja mW b / . f jLL . 0.53U 

ssl 2116.216 lb/ft z 



from Table 2, Appendix I, for a pressure ratio of 0.5311 the (geopotential) 
pressure altitude is 



H = 16,500 ft 
P 

For a temperature ratio of 0 = 0,9 , directly from the Table 

= 14,500 ft 
t 

From the perfect gas law (Equation 1) 

P 

P R T 

where P = 1124 lb/ft 2 and T = T 0 = 518.688 (0.9) = 466.8 °R 

o 

therefore, 

1124 lb/ft 2 

P O') 

(1716.55 ftVsec °R) (466.8 °R) 

p = 0.0014026 

and 

H p .= 16,950 ft (From the Table, using a) 

These altitudes are different because the given parameters are different 
from a standard day atmosphere. 
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Unit 1-C 



Aircraft Instrumentation 
1C-1 THE MEASUREMENT OF AIRSPEED 

An accurate knowledge of the airspeed and altitude of an aircraft is very 
important in flight evaluation - not only in the area of performance but also 
in stability and control testing, due to the fact that the aircraft velocity 
is used to non-dimensional ize all the stability and control derivatives. Many 
methods have been used to determine airspeed and they range from listening to 
the sound of the wind through the wires in open-cockpit aircraft to the present 
pitot-static systems. The pitot-static system has proved to be reliable, sim- 
ple and accurate both for the measurement of airspeed, altitude, vertical 
velocity and Mach number. Present day pitot-static systems have changed very 
little throughout the -years except for the fact that the pressure outputs 
which were and still are on many aircraft, connected directly to the instru- 

i 

ments where mechanical linkages transform the pressure readings to direct 
readings of airspeed and altitude. These systems now use pressure transducers 
which convert the pressure readings to an electrical signal which drives, via 
small computing circuits, the pointers on the instruments. Airspeed indicators 
are actually differential pressure gauges calibrated according to the law of 
frictionless adiabatic flow, presuming that the ambient conditions are those 
of the standard atmosphere at sea level. At subsonic speeds, Bernouli’s 
compressible equation for frictionless isentropic flow may be expressed as 



Y 
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where 



= Free stream total pressure 



p = Free stream static pressure 
a 

y = ratio of specific heats (c /c^) 

V = True airspeed 

a = local atmospheric speed of sound = yRT 

1/2 



Solving equation (1) for gives 







f 111 ~ 




v t 


2RTy 


At- p a, + iV -i 




Y-l 


l-r f + 1 1 








\ a / 


4 



( 2 ) 



Expanding the right side of equation (1) in a binomial series as a function 
of Mach Number (M = v^/a) and solving for the ratio of total to ambient 
pressures 




m 2 „4 6 8 

tl , yM , yM yM 

2 8 80 3200 



( 3 ) 



The difference between the free stream total and static pressure (p - p ) 

l a 

is referred to as the compressible dynamic pressure, or the impact pressure 
(q ) , At very low subsonic airspeeds this impact pressure which is felt at 
stagnation points is equal to dynamic pressure (q) 



q = 



1 

2 



p a V t 



( 4 ) 



As the speed of the moving bodies is increased, the effects of compressibility 
are felt and the impact pressures (q ) at the stagnation points becomes 
greater than the dynamic pressures (q) 
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If the ambient density in equation (4) is converted to the product of 



standard sea level density (p p and density ratio (a) , 



q ‘ 2 p ssl 0 V t 



(5) 



Using the equation of state for ambient conditions, solving for T and sub- 



stituting in Equation (2) 
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- 

/ \ Y 




2yp a 


( Pt ~ Pa + l) 1 




|(y-i)p 


Ip 1 1 




a 


V a ' 




, 




J 



1/2 



( 6 ) 



1C-2 CALIBRATED AIRSPEED 

If standard sea level values are substituted for ambient pressure and 
density in Equation (6) , except for the pressure difference term, the calibra- 
tion equation for an airspeed indicator is obtained in which the only variables 

are (p - p = q ) and all other quantities on the right side are constants, 
t a c 

The airspeed indicator is therefore a differential pressure gauge whose inter- 
nal algebraic manipulations provide the necessary relationships between P ss ± » 

and °ssl • 

1/2 



(7) 
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1C-3 EQUIVALENT AIRSPEED 

At sea level on a standard day p 
brated airspeed indicator reads true airspeed. If, however, ambient pressure 



, = p and p i = p and the cali- 
s s a ssi a 



(p a ) were used instead of sea level pressure (p p the result is equivalent 
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airspeed (V ) . The correction from V to V is commonly called the 
e c e 



compressibility correction. 



r 


r, - 




2 p a 


[At- p a + 1 \ Y x 




<Y - 1)p ssl 


U 7 






- 


„ 



If Equation (6) is divided by equation (8) : 

1/2 - 1 



ssl 



= a 



1/2 



( 8 ) 



(9) 



Equation (5) may therefore be rewritten as 



1 IT 2 

P ' 2 p ssl V e 



104 AIRSPEED CORRECTIONS 

In addition to the corrections required to go from calibrated airspeed 
(V^) to equivalent airspeed (V^) to true airspeed (V^) , two other 
corrections are required in performance flight testing; (1) the instrument 
correction which is applied to the value observed by the pilot (V q ) in 
order to obtain indicated airspeed (V_^) , and (2) the position error correc- 
tion which is applied to indicated airspeed (V^) in order to obtain 

calibrated airspeed (V ) 0 The instrument correction takes care of those 

c 

errors between what is introduced to the airspeed indicator and what is pre- 
sented to the pilot. These errors include such items as inaccuracies due to 
wear and tear during the airspeed indicator's usage and manufacturing 
tolerances. The position error correction accounts for those errors induced 
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by the field of flow about the aircraft. Position errors are further dis- 
cussed later in this section. 

A summary of airspeed corrections is as follows: 



observed 


+ 


AV. _ 

instrument 


= V 

indicated 


(id 


indicated 


+ 


AV 

position 


= V 

calibrated 


(12) 


calibrated 


+ 


AV 

compress. 


^equivalent 


(13) 


equivalent 


+ 


AV. 

density 


= V 

true 


(14) 



1C- 5 THE ALTIMETER 

The altimeter is, perhaps, the simplest of the instruments used in per- 
formance testing. In order to read pressure altitude on the instrument, it is 

merely necessary to furnish p to the instrument as an input and then design 

a 

the instrument to indicate altitude in accordance with the relationship 
between geopotential altitude and pressure used in the ICAO standard atmo- 
sphere. Furnishing the exact value of p as an input is somewhat difficult 

a 

and errors in measurement of p^ must be corrected. These position errors 
will be discussed later. Manufacturing an instrument to follow the variation 
of pressure with altitude in the ICAO atmosphere is not particularly difficult, 
but some means must be provided to allow for the variation of pressure from 
standard conditions at various altitudes. The altimeter setting window resulted. 
When one wishes to read pressure altitude one must have standard sea level pres- 
sure set in the window (29.92"Hg) 0 It is interesting to note that most altimeters 
are constructed in such a manner that the altimeter setting does not affect the 
relationship of pressure input and altitude indication of the instrument. 
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1C-6 AMBIENT AIR TEMPERATURE 



Ambient air temperature (t ) is an extremely important variable in 

a 

performance testing. It is not particularly difficult to measure unless 
extreme accuracy is required. To measure ambient air temperature an outside 
air temperature gauge is used. The reading on an outside air temperature 
gauge is related to ambient air temperature by the following equation: 

OAT = t (1 + KM 2 ) (15) 

a 2 

where K is called the recovery factor. If OAT and M are recorded and 
K is known one can solve this equation directly for t^ , which can be con- 
verted to T . The solution of this equation has been presented in graphical 
form below. If K is not known but is assumed to be invariant with ambient 
temperature and M , t^ can be determined if OAT is recorded at two values 
of M . By plotting OAT vs and extropolating the data to = 0, t^ 
may be determined. 




M 

TEMP. RECOVERY FACTOR 
FIG. IC-I 
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In recent years considerable work has been done to develop a temperature indi- 
cating system which will read ambient temperature directly, in other words a 
system which has a zero recovery factor 0 Such systems are available and are 
referred to as vortex thermometers. 



1C- 7 MACH NUMBER 

Mach Number is the ratio of the true airspeed of the airplane to the 

speed of sound in the atmosphere through which the airplane is flying, 

M = V / 

T/a 

The speed of sound is determined by 



a = 



/yRT 

a 



(17) 



where T is the absolute ambient temperature of the air through which the 
a 

airplane flys. There is a popular misconception that temperature must be known 
in order to accurately measure Mach Number. This is not true. Mach Number 
may be determined from pressure measurements alone. However, temperature 
measurements in conjunction with Mach Number are required in order to deter- 
mine true airspeed. Substituting Equations (16) and (17) in Equation (2) 
we have 



or 




(18) 



( 19 ) 
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All quantities on the right side of equation 19 are constants with the ex- 
ception of and p^ . If these two quantities are measured and fed into an 

instrument which performs the algebraic manipulations indicated by the equation 
which is used in the manufacture of Machmeters. This is a pressure ratio 
instrument and Mach Number may be determined as accurately as the manufacturer 
can construct the instrument and as accurately as one can measure p and p^. 

Without an actual Machmeter one can determine Mach Number if V and H 

c p 

can be measured. Equation 7 shows that a value of p - p = (q ) will define 

t a c 

a calibrated airspeed value and vice versa. , as has been previously 

pointed out, is merely a measurement of pressure, q^ and p^ on the other 

hand define a Mach Number by equation 19. It is possible then to construct 

curves of , M and where any one quantity may be determined if the 

other two are known. Such charts are usually used to determine Mach Number 

knowing V and H 
c p 

Machmeters, being pressure ratio instruments, require accurate pressure 

inputs. If the pressure inputs are inaccurate, faulty Mach readings will 

/ 

result. Machmeters, like airspeed, indicators and altimeters, are subject to 
position errors. 

108 DYNAMIC PRESSURE (q) AND IMPACT PRESSURE (q ) 

Dynamic pressure, q , which we find involved in all considerations of 
drag and lift of airplanes in flight, is defined as 

q - i P a V t 2 (20) 

If the right side of the equation is multiplied and divided by p (a 

S S _L 
3 

constant equal to .002377 slugs/ft ). 
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and since 



and since 



- 1 * „ 2 

^ 2 P ssl p . t 

ssl 



ssl 



= a 



1 „ 2 
q ' 2 c ssl ° V t 



2 2 
a V = V 
t e 



1 „ 2 -.2 1 
q ■ 2 p ssl V e ' Yp a M 2 



( 21 ) 



Since P ss j_ is merely a constant, we see that q is irrevocably tied to 
equivalent velocity, * When a value of is given, a value of q is 

implied and vice versa. Tables can be made up giving values of q for values 
of . These may be found in any of the aerodynamic handbooks. The tabula- 
tions are valid under all atmospheric conditions and for any vehicle. 

Dynamic pressure was probably first used and defined by one of the 

Bernoulli brothers. (Total pressure is composed of static pressure and dynamic 

pressure) o In their day of very low speeds, the dynamic pressure (q) and the 

impact pressure (q^) felt at stagnation points on bodies moving through air 

were essentially identicalo As the speeds of moving bodies increased, the 

effects of compressibility came into play and impact pressures (q ) felt at 

c 

stagnation points became appreciably greater than the dynamic pressures. The 
impact pressure (q^) felt at stagnation points is the total pressure, p^ , 
less the ambient pressure, p , (p - p ) and as has been previously pointed 
out, is called compressible q or q^ . We have also seen that a particular 
value of q^ is irrevocably tied to a particular value of by our airspeed 
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calibration equation (7) «, Once again, tables may be found of particular value 

of q c for particular value of V c in aerodynamic handbooks. These tabulations 

also are valid for any atmospheric conditions and for any vehicle. 

What is the exact relationship between q and q ? Let us examine 

c 



Then 



yM^ yM 4 yM^ yM® 

= 1 + + JLii — 4. 

2 8 80 3200 



P. = 



P a + 



Y p a M 



yp a M 



YP H 
a 

80 



YP a M 
3200 



( 22 ) 



We have defined: 



1 „ 2 1 „ J 

q ' 2 p a V T *2 p ssl V e 



(23) 



Substituting for p from the equation of state: 

EL 



q = 



^ P a V T 



2 RT 



And since: 



Y R T a = a 2 



YP, 



M 2 



q = 



(24) 



substituting equation 24 into equation 22: 

M 2 



, n , i'i M 4 M 6 

p t = p a + q (1 + 4" +40 + 16Q0 



+ • o • ) 



We have previously said that 



P t ' P a = q c 
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Then: 




( 25 ) 



We will call the series in brackets in equation 25 f(M) . Then 



q c = q f(M) 



(26) 



For low values of M, q^ = q . 

However, as Mach Numbers increases, q c becomes appreciably greater than q 



(For M = 0.6, f(M) = 1.093) . 

Thus we see that the stagnation pressures exerted on bodies flowing 
through air are greater by [f(M) - 1] than the dynamic pressure. The forces 
exerted on the body, it follows, are also greater than those predicted by 
assuming air to be incompressible. However, the science of aerodynamics had 
developed along incompressible lines for so many decades that the many defini- 
tions of coefficients such as C^, C^, , etc, based on q , rather than q^ , 

were universally accepted as definitions. As Mach Numbers increased, but were 
still lower than the critical Mach Number for a particular body, it was natural 
that the increase in forces on the bodies should be attributed to Mach effects. 
Thus we see different curves for C vs a for different Mach Numbers commencing 

Lj 

at values of M lower than those where Mach Number affects the flow. At still 
higher Mach Numbers the true flow effects of Mach Number are encountered. 

1C- 9 POSITION ERROR 

Position errors occur because the pressures registered by the pitot-static 
system differ from the free stream pressures because of the existence of other 
than free stream pressures at the pressure source and/or errors in the local 
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pressure at the source which is caused by the pressure sensors. 

In subsonic flight, the flow perturbations due to the aircraft static 
pressure field are nearly isentropic in nature and do not effect the total 
pressure. Except at extreme angles of attack, as long as the total pressure 
source is located in an undistrubed area (i.e 0 , out of the wing or propeller 
wake, out of the boundary layer, out of the region of localized supersonic 
flow) , the total pressure error will usually be negligible. Particularly in' 
performance flight testing, an aircraft capable of supersonic speeds should 
have a boom-mounted pitot-static system so that the total pressure pickup will 
be located ahead of any shock waves formed by the aircraft. 

The static pressure field surrounding an aircraft in flight is a function 
of speed, altitude, angle of attack, Reynolds number and Mach Number. It is 
therefore rarely possible to locate the static source in a location where free 
stream static pressure will be sensed under all flight conditions. As a 
result of this, static pressure position error will generally exist. 

A presentation of airspeed and altimeter position errors is shown below 
for the T-38 aircraft. (Configuration PA-gear and flaps down; configuration 
CR-gear and flaps up) . 
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AIRSPEED CORRECTION- KTS ALTIMETER CORRECTION - FT 




ALTIMETER POSITION ERROR 
FIG. 1C- 2 




INDICATED AIRSPEED - KTS 
AIRSPEED POSITION ERROR 
FIG. IC-3 
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1C-10 PRESSURE LAG CORRECTION 



One additional error correction is of a dynamic nature. The pressure 
lag error exists only when the aircraft in which the instruments are installed 
is changing airspeed or altitude. In this case there is a time lag between 
such t im e as the pressure change occurs and when it is indicated on the 
instrument dial. Pressure lag is basically a result of: 

1. Pressure drop in the tubing due to viscous friction. 

2. The finite speed of pressure propogation. (Acoustic lag) 

3. Inertia of the air mass in the tubing. 

4. Instrument inertia and kinetic friction. 

A detailed discussion of pressure lag may be found in NACA Report Number 919. 

1C-11 TRANSONIC AND SUPERSONIC POSITION ERRORS 

In transonic flight there may be a shock wave ahead of both the total 
and static sources, between the two sources, or aft of both sources. The 
position of the shock wave in relation to the total and static sources will 
seriously affect the inputs to each. In supersonic flight there will be a 
shock wave ahead of both sources. The total pressure (p ) ahead of the shock 
wave is greater than the total pressure behind the shock wave, and the static 
pressure (p ) in front of the shock wave is less than the static pressure 

cL 

behind the shock wave. The magnitude of the differences will depend on the' 
position of the measurement sources in relation to the shock wave and the 
type of shock wave will depend upon the operational Mach Number and the 
geometry of the body. It is difficult to generalize about the position 
errors associated with transonic and supersonic flight, but these errors must 
be accounted for in any performance flight test. 
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1012 SUMMARY OF UNIT 1 

In summary we have seen that the ICAO standard atmosphere is that used by 
the United States and all other NATO countries. This atmosphere provides an 
arbitrary standard atmospheric basis to which performance data may be reduced 
for comparative purposes. 

The following functional relationships were developed and discussed. 

Each functional relationship is, of course, different. 




(7) 



( 8 ) 



V = V /a 



t e 



(9) 



OAT = f (T , M) 
a’ 

M = f (q > HP = f (V , H ) 
c p c p 



(15) 



(19) 




( 23 ) 
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(26) 



q c f(q, ^ ser i es ^ 

V T = f(M, T a ) = f(V e , H p , T a ) (16) 
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SUPPLEMENTARY PROBLEMS 
Unit 1 

1. For a thermally perfect gas at constant density, doubling the temperature 
(degrees Fahrenheit) results in: 

a. Halving the pressure 

b. Doubling the pressure 

c. Increase of pressure by a factor of v2 

d. None of the above 

2. The temperature in degrees Rankine is approximately the temperature 
in degrees Fahrenheit plus 460. With a temperature lapse rate of 
-3.566 °F/1000 feet, the temperature at 10,000 feet is: 

a. 93.7 °F 

b. 22.9 °F 

c. 35.7 °F 

d. -10.3 °F 

3. If the temperature ratio (0) is 0.82 and the pressure ratio (6) is 
0.34, what is the density in an ICAO Standard Atmosphere? 

4. For the conditions in Problem 3 above, what is the pressure altitude? 

5. For a pressure altitude of 18,000 feet and a temperature of 15 °F, what 
is the ICAO temperature altitude? 

6. For the conditions of Problem 5 above, what is the density altitude? 

7. In the Stratosphere, what is the relationship between density ratio (a) 
and the pressure ratio (6)? 

8. The speed of sound at sea level (standard conditions) is approximately 
1116 ft/sec. If the temperature ratio at altitude is 0.25, the speed 
of sound at that altitude is: 

a. 279 ft/sec 

b. 4464 ft/sec 

c. 558 ft/sec 

d. 2232 ft/sec 

9. The relationship between True air speed and Equivalent air speed 
(V T y^= V EAS ) is valid for: 

a. Only the incompressible case 

b. Only the compressible case 

c. Only when the ambient density equals the standard sea level density 

d. Both the compressible and incompressible cases 
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SUPPLEMENTARY PROBLEMS 
Unit 1 
(Cont) 



10. At sea level, with no instrument, compressibility or position erros, the 
air speed that the pilot sees on his air speed indicator is: 

a. Always less than True air speed. 

b. The same as Equivalent air speed. 

c. Always greater than the True air speed. 

d. Usually less than the Equivalent air speed. 

11. At an altitude of 10,000 feet, with no instrumentation, compressibility 
or position errors, the air speed that the pilot sees on his air speed 
indicator is: 

a. Always less than the Equivalent air speed. 

b. Always greater than the True air speed. 

c. The same as the Equivalent air speed. 

d. Usually greater than the Equivalent air speed. 
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SUPPLEMENTARY PROBLEMS 
SOLUTION SHEET 
UNIT 1 

1. For a thermally perfect gas, the pressure is equal to 

the product of the Gas Constant, the density and the absolute 

temperature 

P = RpT Eq. (1) , 1-B 

therefore 

li = £1 . 

p 2 C 2 T 2 

and with constant density ^ ) 




Doubling the absolute temperature doubles the pressure, 
but doubling the temperature in degrees Fahrenheit will not. 

The answer is: 

d. None of the above 

2. The ICAO Standard Sea Level temperature in degrees Fahrenheit 
is the Standard temperature in degrees Rankine minus 460 
T ssl = ( 518 * 59 ° R " 46 °) ° F = 58.59 °F 

With a lapse rate of -3.566 °F/l,ooo ft, at 10,000 feet 
the temperature has decreased by 35.66 °F. The temperature is 

therefore _ ( 58>59 _ 3 , 566 x io,000) = 23.93 °F 

The answer is: 

b. 22.9 °F 



3. Pressure ratio equals the product of the density ratio and 
the temperature ratio 

5 = crx 0 Eq. (1), 1-B 

The density ratio is therefore 




0.34 

0 . 8 ? 



0.41 



The density is the product of the density ratio and the sea 
level density 



<0 =CTx p ssl = 0.41 x 0.0023769 = 0.0009745 slugs/ft 3 



bUrr'UiilviiilNlrtKX rKU»LE.lvii> 

SOLUTION SHEET 
UNIT 1 
(Cont ) 

4. Table 2 of Appendix I shows that at a pressure ratio of 
0,3398, the pressure altitude is 27,000 geopotential feet 

The answer is : 

H = 27,000 ft 

_E 1 

5. At a temperature of 15 °F, the absolute temperature is 
approximately (460 + 15) °R = 475 °R. The temperature ratio 



is therefore 



9 = 

From Table 2 o 

Altitude 
12,000 ft 
12,500 ft 



475 °R 



• 89 ,9R 



= 0,9159 

I, the following values are read: 
0 

0.9175 
0, 9141 



In this range, the change of 9 with H is 
ae g (0.9175 - 0.91411 = , 6-8 x 10 -6 /ft 
4H (12,000 - 12,500) 

(Note the minus sign indicates a decrease in 9 with an increase 
in altitude) . 

The actual temperature ratio is 0 = 0,9159. The difference 
between this ratio and the ratio at 12,000 ft is 
A©* = (0.9159 - 0.9175) = -0.0016 
therefore , 



and 



AH' = A© ' / (A0/AH) = -0 . 0016/ (-6.8 x 10" 6 ) = 235 feet 
Hp = 12,000 + 235 = 12,335 ft 



6. © = 0.9159 (from Problem 5) and 6 = 0.4993 (from Table 2) 
since 6 = Tx 0 

C T= - ---- = 0.5451 
0. 9159 

Interpolation of the values in Table 2 ( in a manner as 
shown in Problem 5) shows that atO~ = 0,541 



H 0 = 19.326 ft 
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SUPPLEMENTARY PROBLEMS 
SOLUTION SHEET 
UNIT 1 
(Cont ) 

7. In the Stratosphere the temperature remains a constant, 
therefore the temperature ratio remains a constant. Since 

6 =0”x 0 = CTx a constant 
5/cT*= a constant 

8. From Eq. (7), i-C, the speed of sound is a = JYRT or 

a = yi.4 x 1716.55 x T ft/sec = 49\/~T ft/sec 
For a temperature ratio of 0.25, the speed of sound is 
a = 49^(518.89 x 0.25) = 558 ft/sec (c. ) 

9. Equivalent air speed is the velocity computed on the basis 
of sea level density, while True air speed is computed on 
the basis of ambient (local) density. Dynamic pressure is 




This is the actual dynamic pressure (q) for both the compress- 
ible and the incompressible cases. The impact pressure may 
very, but the dynamic pressure remains the same. The answer 
is d. Both the compressible and incompressible cases. 

10. With no instrument errors, the Observed air speed is equal 
to the Indicated air speed (Eq. (11), 1-C). With no position 
error, the Indicated air speed is equal to the Calibrated air 
speed (Eq. (12), 1-C), and with no compressibility correction, 
the Calibrated air speed is equal to the Equivalent air speed 
(Eq. (13), 1-C). Therefore, what the pilot sees is Equivalent 
air speed. The answer is 

b. The same as Equivalent air speed 

11. At altitude, all of the conditions of Problem 10 are still 
valid. At sea level the Equivalent air speed is equal to the 
True air speed (Eq. (14), 1-C), but what the pilot sees at 
altitude is still Equivalent air speed. The answer is: 

c. The same as Equivalent air speed. 
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UNIT 2 

Drag, Power Required, Thrust Required 



AE 2305 
PERFORMANCE I 



Unit 2 - Drag, Power Required, Thrust Required 



OBJECTIVES 

As a result of your work in this Unit, you should be able to: 

1. Write a general equation for the total drag coefficient for a parabolic drag 
polar. 

2. Express drag as a function of velocity for a parabolic drag polar. 

3. State the lift-to-drag ratio for minimum drag and show where this occurs on 
a drag versus velocity plot. 

4. Give the relationship between parasite drag coefficient and induced drag 
coefficient at the point of minimum. 

5. Discuss the effect of weight changes on the shape of the drag polar and on 
the changes in velocity for minimum drag. 

6. Discuss the effect of changes in parasite drag coefficient on the shape of 
the drag polar. 

7. Explain how drag changes with altitude on a drag- True air speed plot. 

8. State the relationships between drag, thrust required and power required. 

9. Express the lift-to-drag ratio for minimum power required and show graphically 
where this occurs on a power versus velocity plot and on a thrust versus 
velocity plot. 

10. Express power required as a sum of two velocity-related terms. 

11. Express thrust required as a sum of two velocity- related terms. 



\ 
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PERFORMANCE I 
Unit 2 



PROCEDURE 

1. Read Sections 2-A and 2-B. 

2. Memorize equation (7) in Section 2-A and equations (6), (10) and (12) in 
Section 2-B. 

3. Review the Statement of Objectives. 

4. Answer the study questions. 

5. Review the resource material as necessary, based on your difficulty with 
the Study Questions. 

\ 

When you are ready, ask for the written test on this Unit. This test will 
be Closed Book. If equations, other than those listed to be memorized, are 
required they will be furnished. 
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STUDY QUESTIONS 

1. Why is the drag polar for an ideal airplane parabolic? 

2. Prove that the minimum drag for an ideal airplane occurs at the intersection 

of the induced and parasite drag curves. (Hint: at minimum drag, dD/dV = 0 

3. The drag coefficient for an aircraft is expressed as 

CL = 0.04 + 0.08 C 2 
JJ Ju 

What is the coefficient of lift at the minimum drag point? 

4. For the same aircraft as in Question 3, if the wing lift efficiency factor 
(e) is 0.8, what is the Aspect Ratio? 

5. Since power (in ft-lb/sec) is equal to thrust (lb) times velocity (ft/sec), 

what is the general equation for power as a function of velocity? 

6. What is the relationship between parasite drag and induced drag at the point 

of minimum power? 

7. What is the effect of an increase in aircraft weight on the parasite drag? 

On the induced drag? 

8. What is the effect of increasing altitude (decreasing density) on the plot 
of thrust required versus True air speed? On the plot of thrust required 
versus Equivalent air speed? 

9. What are the limitations on a plot of thrust required versus True air speed 
as to weight, altitude and configuration of the aircraft? 

10. What is the effect of an increase in altitude on a plot of power required 
versus True air speed? 
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STUDY QUESTIONS - SOLUTIONS 

2 

1. C is a constant and C = f(C ) 

D p D i L 

2. D = V 2 + K 2 /V 2 

= 2 K.V - 2 K./V 3 = 0 and 2 K. V = 2 K./V 3 
dv LA LA 

multiplying both sides by V/2 
2 2 

K^V = K 2 /V or Parasite Drag equals Induced Drag 

3. C_ = 0.04/0. 08)^ = 0.07 

Jj 

4. 1/irARe = 0.08, therefore AR = 1/ (it x 0.8 x 0.008) = 5.0 

5. T = K^V 2 + K 2 /V 2 and Power = T x V 

therefore, Power = (K^V 2 ) x V + (K 2 /V 2 ) x V = ^V 3 + K^/V 

6. C D = 3 C D (See Fig. 2B-4) 

i o 

7. Parasite drag does not change. Induced drag increases. 

8. The curve moves along a constant thrust curve tangent to the minimum thrust 
required line. 

9. One weight, one altitude, one configuration. 

10. Moves curve along a line from the origin tangent to the curve. (See Fig. 
2B-8) . 
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GLOSSARY OF TERMS 



a - Subscript used to denote ambient conditions 
a - Angle of attack 
AE - Aspect ratio ■> 

Cp - Coefficient of Drag 

C - Coefficient of Lift 
Li 

Cp - Coefficient of Induced Drag 
i 

D - Drag 

D - Parasite drag 
P 

D^ - Induced drag 
e - Lift efficiency factor 
hp - Pressure altitude 

^1^2 "" Constants, may have different values depending on equation involved 
L - Lift 
M - Mach number 
y - Viscosity 
P - Pressure 
R^ - Reynold's number 
p - Density 
S - Surface area 




P SSL 



SSL - Subscript denoting standard sea level 
T - Thrust 

T - Ambient temperature 

a 
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V - Velocity 

V - Calibrated velocity 

- Equivalent velocity 

- True velocity 
W - Weight 



2A-1 DRAG POLARS 



A drag polar is simply the relationship between the airplane’s drag 

coefficient (C^) and lift Coefficient (C^) 0 The following discussion will 

briefly outline the origin of the terms (C , C T , M, R ) and then review some 

D Lj n 

actual airplane drag polars. The objective is to develop a ’'model" drag 
polar which will be the basis for much of the theory used in the performance 
course. 

A dimensional analysis of the following variables 

L = f (p, P, V, y , S, a) (1) 



yields the following functional relationship 



= f (a, M, lO Assume S = i or S = f (a, M) 



Likewise, a similar analysis of the drag variables 



D = f ,(p. P, V, y, S, a) 



yields 



C D = f (a, M, R n ) S = t or S = f (a, M) 



Equation 2 can be rearranged and written as 



( 2 ) 



(3) 



(4) 



a = f (C T , M, R ) 
ij n 



and then substituted into equation 4 to give 



CL = 



f (C , M, R ) 
L n 



or 



or 



S = i 

S = f (a, M) 



S = 



f (C L , M) 



(5) 



( 6 ) 
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The final result of the dimensional analysis (Equation 6) indicates 
that the drag coefficient (C^) is dependent on the lift coefficient, Mach 
number and Reynolds number. The following are some considerations of the 
results : 

. The final results (Eq - 6) is a more compact statement of 
the original statements (Eq -1 and 3) . Equations 1 and 3 were 
just statements of what we "know" based on past observations. 

If we omitted an important variable in Eq -1 or 3, then there is 
no way that the dimensional analysis can introduce the important 
variable (s). 



. The dimensional analysis does NOT indicate any type of 
equation (e.g. linear, parabolic) relating with C^, M or R^. 
Equations must come from a theory and/or experimental result (s). 



The dimensional analysis has enabled us to efficiently describe the drag 
characteristic of an airplane... During flight test we can now document the 
drag characteristics in terms of only three parameters (Eq - 6) instead of 
the six variables as indicated in equation 3. 

We will now look at some actual airplane drag polars. An equation or 
model for a drag polar is shown below 



C 



D 




7reAR 



(7) 



Sketching of 
where 



the above equation shows the effect of and 1/eAR on the polar 
Cp = Drag coefficient at zero lift 



e = Lift efficiency factor 
AE = Aspect Ratio (|J“| ) 
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The above form of the drag polar (parabolic) suggests a convention for 

plotting experimental C Q - data. We see that if the drag data is plotted 
2 

as = f(C^ ) it will be linear if, in fact, the polar is parabolic. If the 

2 

airplane's polar is of another form then the plot will not be linear. 

Figures 2A-2 through 2A-7 present the drag polars of various airplanes at 
different flight conditions. Note that for any given Mach, the polars shown 



in Figure 2A-2 conform well to the parabolic form (C = K + K„ C ) . If we 

D _L Z J-i 

consider the slope (K^) and the intercept (K^) to be functions of Mach they 

would appear as shown in Figure 2 (recall that = C D and • The 

0 1 

trends illustrated in Figures 2A-2 and 2A-3 are classic. That is ... 
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and C are constant in the low Mach range and then increase above a given 
D 0 

Mach. The value of C_ and — L_ , along with the M where the curves bend, 

Dq ireAR 

vary for different airplanes. 

The "dirty" (gear and flaps down) polars (Figure 2A-4) for the same 

airplane can be considered to be parabolic over the mid C range but break 

Li 

upward at the low and high lift coefficients. We see that the configuration 
change effectively increased but did not change the value of 1/ireAR. 

Figures 2A-5 and 2A-6 are included to illustrate the limitations of some 
of the assumptions we have made. 

Figure 2A-5 illustrates the effect of power setting on the polar (a 
variable representing power setting was not included in the original dimen- 
sional analysis). Figure 2A-6 shows a polar that is definitely not of the form 

2 

we assumed (C^ = + Kj ) , Figures 2A-5 and 2A-6 show that the model polar 

that we use is NOT always appropriate. 



PROBLEMS: (2A-I) 

(1) Fit an equation to that data of Figure 2A-6. Use a polar of the 

form 



C D = 



K l + 



K„ 






n 



where n is an integer 



(2) Determine the equation for the polar shown in Figure 2A-7. Assume 
a parabolic form. 



84 



2 

(3) Given the following test data S = 300 ft 



h T V D L 

p a e 





(ft) 


(°C) 


(fps) 


(lbs) 


(lbs) 


C D 


C L 


C L 


1 


5,000 


+9 


150 


1,274 


10,000 


\ 






2 


10.000 


-5 


200 


1,156 


9,500 








3 


10,000 


-6 


300 


1,781 


9,000 








4 


20,000 


-23 


400 


2,947 


8,800 


.0517 


.1543 


.0238 


5 


20,000 


-23 


400 


3,559 


24,000 


.0624 


.4207 


.1770 


6 


20,000 


-24 


800 


15,190 


30,000 


. 0666 


.13148 


.0173 


7 


40,000 


-55 


500 


4,570 


12,000 


.0513 


.1346 


.0181 




a. Plot 


the drag polar 


= f < C L 2) 











b. Compare graphically determined values to compute values using 



c =£_ 

D qS 



= P SSL V e 



2 S and 



C L qS 



' P SSL V e S - 



ANSWERS 





S 


fL 




1 


.1588 


1.247 


1.554 


2 


.0811 


.6661 


.4438 


3 


.0555 


.2805 


.0787 
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0.70 0.75 0.80 0.85 0.90 0.95 

TRUE MACH NUMBER My 

A-6A DRAG POLAR PARAMETERS 
FIG. 2A-3 
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. 35 - 




C L 

A-6A DRAG POLAR (TRIMMED) 
Gear Down 30° Flaps 

FIG. 2A-4 



+ 

3 
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r ro 



+ 

I 



+■ 

2 



RA-5C TRIMMED DRAG POLAR 
Gear Down 50° Flaps SC^Droops 
CG = 29% MAC 

FIG. 2A-5 
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DRAG COEFFICIENT C D 
DRAG POLAR 
FIG. 2A-6 
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LIFT COEFFICIENT 




FI6. 2A-7 
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2 A- 2 DRAG EQUATION 



In this section the equations relating the lift and drag characteristics 
of an airplane in level flight will be developed. These equations will then 
be analyzed to determine the speeds yielding minimum drag, the value of mini- 
mum drag, and the effects of weight, altitude and other variables on drag. 

Lift and drag characteristics will only be considered in the speed region 
below the critical Mach Number (subsonic) where certain parameters are essen- 
tially independent of Mach Number. Lift and drag in the speed region above 
the critical Mach Number (transonic and supersonic) where these parameters 
may be Mach Number dependent will be covered in a subsequent course. 

2 A- 3 Low Speed Drag Equation 

A level flight drag equation may be developed where drag will be ex- 
pressed as a function of airspeed. A parabolic drag polar will normally be 
assumed since this polar has both theoretical and experimental basis. Thus by 
definition 



D = c D q s 



( 8 ) 



and assuming parabolic drag polar 



C D C D 0 + ireAR 



(9) 



In order to develop an expression for the in level flight, look at the 

forces acting on an airplane in level flight in Fig. 2A-8. 



9 2 




To maintain level flight 



Z F z - 0 



or 



L - W + T sina® . 

J 



solving for L we have 



= 0 



L = W - T sina . 

3 



Lift coefficient is defines as 



C 



L 



L_ 

qs 



substituting Equation 11 into the above gives 

(W - T sina.) 



C L = 



( 10 ) 



(ID 



( 12 ) 



9 3 



Substituting the equation (12) into Equation 10, gives 

(W - T Sina .) 2 



0 = 0,, q s + 

Dq i e AR q s 



( 13 ) 



To simplify the above equation, assume that weight (W) is much larger than the 
vertical thrust component (T sina^;). This is probably a valid assumption for 
conventional airplanes in cruise flight where aj will be small. However, at 



low speed (high a^) and high thrust setting the assumption may introduce 
considerable error. 

Assuming 



W > T sina . 

J 



Equation 13 reduces to 



D = C t, q s + 7 T 

D n 7i e AR q s 



(14) 



The dynamic pressure (q) can be expressed in any of the gollowing ways 

0 - 1/2 p ssL V e 2 
or q = 1/2 p a V T 2 

or q = 1/2 p^ y M 2 



By substituting any one of the above equations into Equation 14, the level 
flight drag equation may be rewritten as: 

t 2 



D = f(V ) 
e 



C - C D 0 1/2 0 S SL V e 2 s + 

0 7T e AR s p 



(15) 



ssl ^e 



D = f(V T ) 



D = C 1/2 p V_ s + 
D 0 a T 



2 W 



tt e AR s p V " 
a T 



(16) 
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D = f(M) 



(17) 



C_ yP M s 
D = — — r— ♦ 



2 W 



ir e AR s yP 



M 2 



2 A- 4 DRAG VARIABLES 

In this section the above equations will be examined to see how the level 
flight drag equations are affected by the variables of the equations. 

Equation 15 can be simplified considerably by letting 

C 

K 1 - "T ’ssL S 



K„ = 



2W 



2 ir e AR s ssL 

(NOTE that these are not the sane constants, K.. and K„, as used in Section 
2A-1) 1 Z 



Thus Equation 15 becomes 



parasite drag (D^) induced drag (D^) 



K 



D = K, V 
1 e 



_2 

,2 



(18) 



and K 2 will, in fact, be constant under the following conditions: 

a. Airplane configuration fixed and "working" at low Mach Numbers. 
Thus 

C D = l 
0 C 1 

1/ir e AR = 

S = 



b. At a given gross weight (W) 
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A sketch of Equation 18 is shown below in Fig. 2A-9 



D 




2 



PARASITE 



INDUCED 



v e 

FIG. 2A" 9 



The general features of the curve* are: 

a. Positive sloped segment is often called the "front side" 

b. Negative sloped segment is called the "back side" 

c. The portion of the curve surrounding the minimum drag point is called 
the "bucket" of the curve. 

d. The minimum speed point is the level flight stall speed. 

2 A- 5 Level Flight Drag Equation - General Form 

A more general form of the level flight drag equation (a form that is not 
based on the parabolic polar) is developed below. Since drag (D) can be ex- 
pressed as 




Dividing the numerator and denominator of the bracketed term by qs gives 




( 19 ) 
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Assuming level flight and no appreciable "thrust" lift (aj - 0) we can 



assume 



L = W 



and, substituting the above into Equation 19 gives the general form of the 
level flight drag equation. 



or 




L 




( 20 ) 



The drag for level flight is therefore dependent on: 

a. The gross weight (W) . (Directly) 

b. The ratio of C L to Cp. (Inversely) 

The evaluation of level flight drag for the arbitrary drag polar is illustrated 
below. 




fa) (b) (<$ 

FIG. 2A-I0 
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Thus for a given weight and airspeed, the level flight drag can be obtained by 



a. First determining the required for level flight at the given 

weight and airspeed. 

b. Then referring to the drag polar at the above and determining the 

corresponding C L / C D • 

c. Computing the level flight drag D . 

2A-6 Conditions for Minimum Drag 
a. Parabolic Polar 

The conditions for minimum drag can now be determined. For an airplane 
with a parabolic drag polar. 



The minimum drag point is found by setting the derivative of the drag with 



D = K, V 2 + K 0 V 



1 e 2 e 



(18) 



respect to equal to zero 




e 



Thus 



dD 



-3 



dV = 0 = 2 K, V -2LV 



e 1 e 2 e 



Multiplying the above by V^/2 and rearranging gives 




or 




( 21 ) 
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which, when divided by qs , gives 



C °o ■ \ 



( 22 ) 



Thus it is shown that minimum drag occurs at that point on the D = f(V £ ) 
curve where D = D, . On the drag polar [C„ = f(C T )] the same minimum drag 

p i j_, 

point is that point where C = . See the sketch below 

U 1 U 0 




b . General Polar 



c L 

FIG. 2A-II 



Assuming a general polar, equation 20 can be used to illustrate the con- 
ditions for minimum drag. 



D = 



W 



VS 



For minimum drag at any given weight 



^ min C T 



W 



(23) 



max 



99 



To minimize drag the C /C ratio must be maximized. A maximum C /C 

L 1/ ii JJ 

ratio (or minimum C^/ ratio) can be found graphically by placing a straight 
line through the origin and tangent to the Cp = f(C L ) curve. 




NOTE: The angle 0 is tan ^ CL/C and the minimum angle is the minimum C /C T 

D Li D L 

ratio. Therefore, a line drawn from the origin tangent to the curve 

locates C_/C T . or C../CL, „ 

D L min L D max 



2A-7 More on Sketching the Level Flight Drag Equation [D = f(V g )] 

Look now, at the effects of the variables (C^ , W) on the level flight 

o 

drag curves D = f(V g ) 
a. Weight Effect 

From the drag equation (Equation 15) , it is seen that weight (W) 
appears only in the induced drag term. This effect is to change the ^ term 
in equation 18, i.e. 



where 



D = K, V 2 + K„ V “ 2 
1 e 2 e 



= 



2W 



2 TreAR S p 



ssL 



(24) 
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Equation (24) shows that varies as the square of the weight. For 

example, increasing the weight by a factor of two would increase K 2 by a 

factor of four. The total drag for an increased weight is obtained by adding 

-2 

the new induced drag term (K^ ) to the parasite drag. It is also 

apparent that the total drag change (AD) is as shown below 



AD = AD. 



or 



or 



AD = AK. V 
z e 



AD 





neAR S P gs ^ 




where = original weight 

and = new weight 



Figure 2A-13 illustrates the effects of a weight change on the D = f(V ) 
curve. The effects of a weight change is summarized below. 



o 



o 



Large drag changes occur at low speed and relative small changes 
occur at high speeds. 

The minimum drag speed increases as weight increases. The locus 
of minimum drag point is 



D . 
min 




V 



2 



e 



o 



where C D is the drag coefficient corresponding to the 
M 



VS 



max 



point. 

The slope of the drag curve at any given becomes less positive 

as weight increases. 
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o 



The speed increases as weight increases. The locus of 

max max 

points on the D « f(V ) curve is 



D CI. ’ ~r “ssl s V e 2 



where C is the drag coefficient corresponding to the C T 
JJ-, -Li 

S max 



o Effect 



The effect of a variation in o on the drag equation is to change the 



term in the drag equation 



D = K. V 2 + K, V 2 
1 e 2 e 



where 



K l = 



'D p . S 
o ssl 



We see that will change proportionally to the o change. The 

change in total drag will be the same as the change in parasite drag (the in- 
duced drag doesn't change) 

C T 

AD = AD p = - T 



. ’D P . S 
A o ssl 



V 



S) 

the effect of a change in o is illustrated in Figure 2A-14. 



Note the following for changes in o . 



o 



The large drag changes occur at the higher speed and relative low drag 
changes occur at the low speeds. 
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o 




SONflOd - 0 VhQ 



i 
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AIRSPEED V a KTS 



The minimum drag speed decreases as 



o increases. The locus of 



the minimum drag point is 



4 W 



V 



-2 



min ireAR S P ss -^ e 



(See Problem 2A-II) 



The slope of the D = f(V ) curve is more positive at all speeds. 



c. Altitude Effec t 

The low speed drag equation [D = f ( ) ] does not contain any altitude 
dependent variables and therefore changes in altitude will not effect this 
drag curve. (There will however be a change in the D = f(V ) curve if the 
Mach effects are included) . 



2 A- 8 Sketching the Level Flight Drag Equation [D = f(V^)3 
The effects of W, and h on the D = f(V ) curve. 



a. Weight Effects 




r 

The effects of weight and on the D = f(V ) 

curve are very similar to the effects of same 

Q 

variables (W and D„) on the D = f(V ) curve. 

0 e 

c 

A detailed analysis of the W and effects 
will not be presented in this section since 
it would be very similar to the discussion in 
the previous section. 



c. Altitude Effects 

Two methods are available to determine the effects of altitude on the 
D = f (V ) curve. 



104 




AIRSPEED V e KTS 
FIG. 2A-I4 
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Method I - It has been shown that the D = f(V^) does not change with 
altitude. Inasmuch as 

V = V So 
e t 

the D = f(V curve (below) will be independent of altitude 

(again "low speed") 




FIG. 2A-I5 



Thus any point (D and V ) on the above drag curve will correspond to the 

same drag level and a higher V (V = V ,v / o) at higher density altitude. A 

n t 6/ 

plot of a drag curve [D = f(V^)] standard sea level a = 1 and then at a higher 

L. 

11^ (lower o) as shown below. 
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FIG. 2A- 16 



The altitude effects are summarized below 

0 The curve "shifts'* to a higher speed 

0 The minimum drag point moves to a higher V 

0 The value of the minimum drag is unchanged 

0 With the assumption of no C change [ C 

Li Li 

max 

lift, the stall point shifts to a higher V 



(same V //a) 
e 



= f(R )] and no thrust 
n 

max 

at the same drag (D) . 



Method II - Another way to analyze the effects of density changes on the 
D = f(V ) curve is to examine the D = f(V ) equation 
(Equation 16) . The equation can be written as 



where 



D - V/ + K 2 V t “ 2 






' D 0 P a S 
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and 



K 2 ireARS p S 
a 

(Note again that these are different values of and K^) 

Inasmuch as density terms (p ) appears in both the parasite and induced 

cL 

drag terms, an increase in density altitude will 

a. decrease 

and 

b. increase 

A plot of the D = f(V ) equation as p varies is shown in Figure 2A-17. 

L cl 
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PROBLEMS (2A-II) 



Given an airplane with the drag polar 



C 



05 + .1 C. 



2 



C. 



= 1.5 



D 



L 



'L 



max 



and 



S = 200 ft 



2 



P 



a 



002 slug/ft^ 



W = 10,000 lbs 



a. Graph D p = fCV^) for level flight 

b. Graph D. = f(V ) for level flight 

l e 

c. Graph D = f(V^) for level flight 

Solve for the following (by equations) and compare the results with the 
graph made above. 

d. What is the minimum drag lift coefficient (use ) 

i o 

e. What is the minimum drag speed (V ) 

e 

f. What is the stall speed 

g. What are the levels of drag associated with parts e and f. 

ANSWERS 

d. .707 

e. V = 244 fps 

e 

f. V = 167 fps 

e 

g. e 1414 lbs 
f 1833 lbs 
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UNIT 2 B 



POWER REQUIRED 



2B-1 DRAG VERSUS VELOCITY 



An aircraft with a specified wing loading (Weight divided by wing area, 
W/S), operating at a specified altitude (p) in unaccelerated flight (W = L) , 
must have a Coefficient of Lift 



c JWS = K „-2 
L 1 



( 1 ) 



where = c 

and each value of Lift Coefficient may be represented by a value of Velocity. 
And since the Drag Coefficient 



_D 

-|pV 2 S 



( 2 ) 



for each value of velocity computed from equation (1) , the Drag of the aircraft 
is related to a specific value of Drag Coefficient, Thus it is that the Polar 
(C^ vs C^) , by a change of scale, may become a plot of Drag versus Velocity, 
valid for one wing loading at one altitude. 

The two types of low Mach Drag, Parasite and Induced, may also be plotted 
as a function of velocity. Parasite Drag is a function of the square of the 
Velocity, 



D 

P 



= 



\ s v 2 p 



(3) 
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while Induced Drag is a function of the inverse square of the Velocity, 




A summation of the Induced Drag and the Parasite Drag gives the total, low 
Mach Drag for the aircraft as shown in Figure 2B-1. 



DRAG 




VELOCITY 



FIG. 2B-I 



Figure 2B-1 Drag/Velocity Relationship for One Value of W/S at one p . 
From equations (3) and (5) it may be seen that Total Drag is the sum of 
some function of Velocity squared and some other function of the inverse of 
the Velocity squared, 

D t = MV) 2 + f 2 (i) 2 (6) 
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To find the minimum value of Drag, equation (6) is differentiated with respect 
to Velocity and set equal to zero 



dD T 1 3 

d V 1^ ; z V 

and V 4 = f 2 /f 1 
or fjV 2 = f 2 /V 2 



(7) 

( 8 ) 
(9) 



Equation (9) shows that the minimum Total Drag occurs when the Induced Drag 

2 2 
(f^/V ) is equal to the Parasite Drag (f^V ) • The Velocity for minimum 

Drag is of importance for several reasons, not the least of which is that 

this is the Velocity for Best Glide* 




VELOCITY 
FIG. 2B-2 
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2B-2 THRUST REQUIRED 



From the original equations of equilibrium for unaccelerated level flight, 
Thrust must equal Drag. Therefore, Figures 2B-1 and 2B-2 can be converted to 
Thrust versus Velocity curves with no change in scale. In a manner similar to 
the division of Drag into two basic types, Thrust may also be listed as the 
Thrust required to overcome Parasite Drag (Parasite Thrust) and the Thrust 
required to overcome Induced Drag (Induced Thrust) . It should be noted that 
these labels of Thrust are artificialities, by itself, the term "Induced" 

Thrust has no meaning. However, if one were to consider the total Thrust 
required for flight as being composed of two elements, each of which overcomes 
a certain type of Drag, variation analysis is simplified. For example, if 
Total Drag, and therefore Thrust, were computed for one aircraft in one flight 
configuration, the Thrust Required due to a change in configuration such as the 
opening of a Leading Edge Slat could be computed as an addition to the Induced 
Thrust required to balance the Induced Drag change. 



2B-3 POWER REQUIRED 

2 -3 

Power had dimensions of ML T , foot-pounds per second, where 550 

foot-pounds per second are equal to one Horsepower. Since Force such as Thrust, 

-2 -1 

has the dimensions of MLT , the product of Thrust and Velocity, (LT ) , is 

power. Therefore, if Velocity is expressed in feet per second, and Thrust is 
expressed in pounds weight, power is, in Horsepower units. 



THP 



T V 
550 



( 10 ) 
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where 



T = Thrust force along the relative wind axis (lbs) 
V - true airspeed (fps) 

550 - conversion factor ^550 = 1 horsepower) 



The thrust horsepower required to keep the airplane in level flight would be 
dependent on the Thrust (T) [or the Drag (D) ] and the true airspeed. Since 
we have already developed a drag equation for level flight (Equations 3 and 5) , 
we will substitute these equations into Equation 10 and the result is: 



THP 



1100 



vf 

275 Tie AR S p 

a T 



(ID 



The assumptions (limitations) of the above equation are the same as for 
the drag equation. That is 

a. C = f (C ) thus C ^ f (M, R ) 

D L D n 

2 

b. Parabolic polar C = CL + C. /ne AR 

D D 0 L 

c. Level flight with no "thrust" lift (L = W) 

The sketching of the above equation is simplified if we 

a. Fix the airplane external configuration and restrict the equation 

to "low" Mach. Thus S, C and 1/ire AR will all be constant 

D 0 

b. Fix the gross weight (W) 

c. Fix the (p^) or density altitude (h^) 
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Under the above conditions the equation can be written as 



where 



and 



THP THP 



THP = K 





K l = 



' D 0 P a S 
1100 



Subscripts 

p - parasite (12) 

i - induced 



W 



K 2 275ire AR S 



Sketching the above we have 



THP 




FIG. 2B-3 



2B-4 Level Flight Power Equation - General Form 

A general form of the power required equation (one that is not based on an 
analytic form of the drag polar) is developed below. In level flight the thrust 
horsepower required is 



THP 




(13) 
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In level flight we can express drag as follows 




W 



Substituting the above expression for drag into Equation 13 gives 

C D W V T 

THP = — • 

C L 550 

In level flight (assuming aj = 0) 



2F Z = L - W = 0 

thus 



L = W = C. 1/2 V_T S 
L a i 



Solving for and substituting into Equation 15 gives 



( 14 ) 



(15) 



(16) 



THP - (1) 1/2 3 1 

^ " V 1/2 _ 3/2 550 

P a C L 



(17) 



If we substitute the following into the above 



p a = p ssl >a 

ssl 

We get the final form of the "general" level flight power required equation 



THP = 77 



2 1/2 W 3/2 __S_ _J_ 

S “ssl _7? C 3/2 550 



(18) 
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2B-5 Conditions for Minimum Thrust Horsepower Required 



(a) Parabolic Polar 

The conditions for minimum power required in level flight will first be 
determined for an airplane with a parabolic polar. Thus 

rap = \ v T 3 + k 2 v t _1 (19) 

taking the derivative and setting it to zero gives 

3K X V T 2 - K 2 V t " 2 = 0 (20) 

Multiplying by V and rearranging gives 

3K X V T 3 = K 2 V t " 2 (21) 

Thus at minimum power required 



Or, multiplying by 550/V^ 



3 THP = THP. 
P i 



3D = D. 

P i 

And, finally, dividing both sides by qs gives 




( 22 ) 



(23) 



(24) 



Equations 22, 23, and 24 are alternate ways of identifying the minimum power 
condition. Equation 24 relates directly to the parabolic drag polar and 
identifies a unique point on the drag polar that will produce the minimum 
power required in level flight. 
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3 




FIG. 2B-4 



Thus we see that there is a "best" C T to fly at to minimize the power re- 

Li 

quired iust like there was another "best" C for minimum drag. Additionally, 

Li 

we see that the minimum power point occurs at higher (lower speed) than 

the minimum drag point. 



(b) General Polar 

The more general conditions for minimum power required are discussed below. 
By using the general form of the power required equation (Equation 18) we have 
for a given weight and density altitude 



THP = K 




(25) 



Therefore, to minimize power required, we must minimize the ratio of 



C D t0 C L 



3/2 



THP . 
mm 



= K 




min 



(26) 
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( 27 ) 



THP . Occurs 
min 




max 



Hence we see that if we locate that point on the polar that gives the maximum 
3 /2 

ratio of C over C then the power required will be minimum. The above 

L 0 

is illustrated in the sketch below 





FIG. 2B-5 



2B-6 Sketching the Level Flight Thrust Horsepower Equation 
We will now look at the effects of the variables (C^ , 



[THP = f (V t ) ] . 

W) on the level 



flight THP curve. 



a. Weight Effect 



Looking at the power equation (Equation 11) we see that weight (W) 
appears only in the induced power term. This effect is to .change the ^ 
term in the equation. 



THP = K 





(28) 



where 



K W 

2 275 ireAR S p 



We see that varies as the square of the weight. For example, in- 

creasing the weight by a factor of two would increase ^ by a factor of 
four. The total power for an increased weight is obtained by adding the new 
induced power term V ^ to the parasite power. It is also apparent that 
the total power change is as shown below. 

( » 2 2 - “l 2 > -1 

A ™ P ‘ 275' VeAR "s p' V t ” here M 1 “ original " elght 

and W 2 = new weight 

Figure 2B-6 illustrates the effects of a weight change on the 
curve. The effects of a weight change is summarized below. 



(29) 

THP = f(V ) 
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Large power changes occur at low speed and relative small changes 
occur at high speeds. 



The minimum power speed increases as weight increases. The locus of 
minimum power point is 



THP . 



min 



M - 
1100 P a S 




( 30 ) 
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is the drag coefficient corresponding to the minimum 



where C 

D M 

power condition (C^. = 3 ) 



The slope of the drag curve at any given V becomes less positive as 
weight increases. 

The speed increases as weight increases. The locus of 

max max 

points on the THP = f(V ) curve is 



THP 



CL 



1100 K a 



P„ s 



(31) 



where C is the drag coefficient corresponding to the C 

S max 



b. 0 Effect 



The effect of a variation in on the power equation is to change 



the term in the power equation 



THP = K. V 3 + K. V 1 
It 2 t 



(32) 



where 



K i = 



"'D p .. S 
0 ssl 

1100 



We see that the change will be proportional to the change. 

The change in total power will be the same as the change in parasite power 
(the induced power remains the same) . 



^ ^*0 ^ a ^ 3 

ATHP ■ 1100 V t 



(33) 



the effect of a change in is illustrated in Figure 2A-14, 
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The effects of are summarixed below 

. The large power changes occur at the higher speeds and relatively 
low power changes occur at the low speeds. 

. The minimum power speed decreases as increases. The locus of 

the minimum power points is 



THP . 



min 



4 

3 



275 TreAR S 




(34) 



The slope of the THP = f(V ) 



curve is more positive at all speeds. 



c . Altitude Effects 

We will look at two methods to determine the effects of altitude on the 
THP = f(V ) curve. 



METHOD I - We have already concluded that the THP^ = f(V ) does not change 
with altitude (see figure below) . We also know that 



V 




and 

THP 

THP = - 

/o 



V 
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Thus any point (THP/a and V ) on the above power curve will correspond 

THP 

to a higher (V^_ = V^/Za) and higher THP (THP = y^ e ) at higher density 

altitude. A plot of a power curve [THP = f(V )] standard sea level a = 1 

and then at a higher h (lower a) as shown below. 

P 
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The altitude effects are summarized below 



. Any given point (THP^ and V^) on the curve "shifts" to a higher 
speed (V ) and power (THP) . 

. The minimum power point moves to a higher V and THP . (same 

THP and V ) 
e e 

. If we assume no C T change [C T ^ f (R ) ] and no thrust lift 

Li l n 

max max 

then the stall point shifts to a higher V and THP . 

METHOD II - Another way to look at the effects of density changes on the 
THP = f(V^_) curve is to examine the THP = f(V^_) equation. 

The equation can be written as 



where 



THP = K 1 




+ K„ 




K i * 



D 0 p a 5 
1100 



(35) 



and 



K = H 

2 275 ireAR S p S 



We see that density terms (p ) appears in both the parasite and induced 

a 

terms and that an increase in density altitude will 

a. decrease 

and 

b. increase 

A plot of the THP = f(V ) equation as p varies is shown in Figure 

t a 

2B-9. 
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THP 
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SUPPLEMENTARY PROBLEMS 
Unit 2 



The lift-independent drag coefficient (parasite drag coefficient) is 
sometimes computed on the basis of an "equivalent flat plate area" (f) 
because this portion of the drag is the same as the liftless drag of a 
flat plate of area f. An aircraft of a given cross-sectional area may 
have an equivalent flat plate area greater or smaller than the cross- 
sectional area of the aircraft because of the drag characteristics of the 
aircraft. 

The non-dimensional parasite drag coefficient is equal to the equivalent 
flat plate area divided by the wing area (C^ = f/S). 

What effect does doubling the equivalent flat 0 plate area have on the lift 
coefficient at minimum thrust required for an aircraft with a parabolic drag 
polar? 

For an aircraft with a parabolic drag polar, the minimum thrust required 
occurs when: 

a. Parasite drag is a minimum. 

b. Induced drag is a minimum. 

c. Parasite drag equals induced drag. 

d. The total drag is three times the induced drag. 

On the "back side of the curve" 

a. Thrust required decreases with increasing velocity. 

b. Drag is a minimum. 

c. Thrust required increase with increasing velocity. 

d. Drag decreases as velocity decreases. 

The effect of increasing altitude on the drag of an aircraft is such that: 

a. The True velocity for minimum drag is a constant. 

b. Minimum drag and the True velocity for minimum drag both increase. 

c. Minimum drag is a constant and the True velocity for minimum drag increases. 

d. Minimum drag is a constant and the True velocity for minimum drag 
increases. 

The True velocity for minimum power required is: 

a. The same as the True velocity for minimum drag. 

b. Less than the True velocity for minimum thrust required. 



6 . 



7. 



8 . 



c. The same as the True velocity for minimum thrust required. 

d. Greater than the True velocity for minimum thrust required. 

At minimum thrust required, the induced drag coefficient is: 

a. One-half of the total drag coefficient. 

b. Equal to three times the parasite drag coefficient. 

c. Equal to one-third of the parasite drag coefficient. 

d. Equal to twice the parasite drag coefficient. 

For an aircraft with a parabolic drag polar, the minimum thrust required 
occurs at the point where: 

a. The square root of the cube of the lift coefficient is equal to the 
drag coefficient. 

b. The ratio of the lift to the drag is the greatest. 

c. The ratio of the lift to the drag is the smallest. 

d. The ratio of the drag coefficient to the square root of the lift 
coefficient is the smallest. 

A peed brake increases the parasite drag by 35%. This will have the greatest 
effect at: 

a. Minimum drag. 



b. V, 



MIN 



c. V. 



MAX 



d. Minimum thrust required. 
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SUPPLEMENTARY PROBLEMS 
SOLUTION SHEET 
UNIT 2 

1. Minimum drag occurs when Cd 0 = Cd^. Doubling the equiv- 
alent flat plate area is the same as doubling the parasite 
drag coefficient, since Cd q = f/S, 

If the parasite drag coefficient is doubled, the induced 

drag coefficient at minimum drag is also doubled (since the 

two drag components are equal at minimum drag). Now, since 

induced drag is a function of the square of the lift coefficient, 

doubling the induced drag must be accomplished by increasing 

the lift coefficient by a factor of the square root of two. 

Check: „ _ ~ , n 2> 

CDj = f ( c Li ) 

X 1 1 

C Di = f ( C L 2 2 ) ^ f (C Ll 2") 2 = 2*f(C Ll ) 2 
and 2 

C D* = 2'C d . 

2 X 1 

2. For a parabolic polar, T = D = K-^V 2 + K 2 /V 2 Eq. (18), 2A 

Taking the derivative of the Thrust with respect to the velocity 
and setting equal to 2 ero to determine the minimum point, 

= 2 K]V - 2 K 2 /V3 = o 

d V 

Multiplying both sides by V and dividing by 2 gives : 

KqV 2 = K 2 /V2 

The left hand term is the parasite drag and the right 
hand term is the induced drag, and it is shown that they 
are equal at minimum drag. The answer is 

c. Parasite drag equals Induced drag 

3. The "backside of the curve" is that portion below the velocity 
for minimum drag. It may be seen from Fig. 2A-9 that on the 
"backside of the curve", thrust required decreases as velocity 
increases. The answer is: 

a. Thrust required decreases with increasing velocity. 

4. Total drag may be written as: 

, 2 + 2 w? - 
D - Cd q % ^ a v T 7?-' e AR S ^ a Vt 

The only variables in the above equation are P and V T . 
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SUPPLEMENTARY PROBLEMS 
SOLUTION SHEET 
UNIT 2 
(Cont ) 

4. (Continued) 

After cross-multiplying, it is seen that 
( V_ 2 ) 2 = a constant 

The signifigance of this is that, at minimum drag, as the 
density decreases (altitude increases) the True air speed for 

minimum drag must increase. 

o P P 

In addition, if ( V_^) is a constant, the term ( V_ ) 

3 -L 3 1 

must also be a constant, and both the induced drag and 
parasite drag (and therefore the total drag) remain constant 
at altitude. (See Fig. 2A-16) 

The answer is : 

c. Minimum drag is a constant and the True velocity for 
minimum drag increases. 

5. Minimum power required occurs at that point on a drag 

polar where = 3 C Dq (Eq. (24), 2-B) . Recall that the point 

of minimum thrust is at Cdi “ Cd q , and that parasite drag 
increases with velocity (Fig. 2A-9), so that if minimum power 
occurs when the induced drag is larger, it must occur at a 
lower velocity than that for minimum thrust. The answer is: 

b. Less than the True velocity for minimum thrust required. 



6. At minimum thrust required (minimum drag), the induced and 
parasite portions are equal (Problem 2). The answer is: 
a. One-half of the total draa. 



7. Since, for level flight, D = Cp q S and L = W = Cl q S, 

C C 

D _ q S _ D 



and 



c r q s 



D = 



w 



C L /C D 



To minimize drag at a given weight, one must maximize Cl / C^. 

2 



Check : 
ana 



C D = C 0 o + S C L 



C D _ 

C L _ C L 



+ K 2 C L 



1-5 1 



SUPPLEMENTARY PROBLEMS 
SOLUTION SHEET 
UNIT 2 
(Cont ) 

7. (Continued) 

To find the point of (Cl /Cd) max’ tal<G ' the derivative with 



respect to Cl and set equal to zero, 



d (C L /C D ) 



or 



d C T 



'D 



C L 2 



+ K_ 



0 



= K^C^ (Parasite equals induced) 

The answer is: 

b. The ratio of the lift to the drag is the greatest, 

8. The general effect of a change of Darasite drag coefficient 

(C Dq ) is shown in Fig, 2.A-14, Note that the effect of an 

increase in parasite drag is felt most at the higher velocities. 

The answer is : 

c V 
c ' MAX 



132 



AE-2305 
PERFORMANCE I 
UNIT 3 

Climb Performance, Descent Performance 
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PERFORMANCE I 

Unit 3 - Climb Performance, Descent Performance 

OBJECTIVES 

As a result of your work in this Unit, you should be able to: 

1. Draw a free-body diagram of an aircraft in unaccelerated climbing 
flight (Fig. 3A-2) . 

2. From the free-body diagram, derive the equation for rate of climb as a 
function of velocity, thrust, drag and weight. (Eq. (4), Section 3-A) . 

3. State the relationship between rate of climb at the maximum velocity 
for level flight at sea level and the rate of climb at absolute ceiling. 

4. Express the total energy of an aricraft in terms of the aircraft’s 
weight, mass, altitude and velocity. 

5. For an aircraft with constant weight climbing at a constant velocity, 

show that the change of total energy with time (d(TE)/dt) is equal to 

the excess power available (P = TV - DV) . 

ex 

6. Express the velocity for maximum rate of climb as a function of the 
power required for an aircraft with constant power available. (The 
approximate condition for a reciprocating engine aircraft) . 

7. Draw a free-body diagram of an aircraft in power 7 off glide and from 
this diagram derive the glide angle as a function of the lift and 
drag. (Fig. 3B-1) . 

8. State the lift-to-drag ratio for maximum distance glide. 

9. Explain the effects of an increase in weight on glide ratio, glide 
distance and glide velocity. 

10. Define Energy Height and explain why maximizing rate of energy height 
change with time is desired for an aircraft that is to climb to alti- 
tude and then proceed at a high velocity. 
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AE 2305 
PERFORMANCE I 

Unit 3 



PROCEDURE 

1. Read Sections 3-A and 3-B. 

2. Memorize equations (4) and (6) in Section 3-a and equation (5) in 
Section 3-B. 

3. Review the Statement of Objectives. 

4. Answer the Study Questions. 

5. Review the resource material as necessary, based on your difficulty 
with the Study Questions. 

When you are ready, ask for the written test on this Unit. This test 
will be Closed Book. If equations, other than those listed to be memorized, 
are required, they will be furnished. 
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PERFORMANCE I 
Unit 3 



STUDY QUESTIONS 



1. Two identical aircraft climb from a low altitude to an altitude well 

below their absolute ceiling and then accelerate to maximum velocity. 

Aircraft (A) climbs at maximum rate of climb and aircraft (B) climbs 

at maximum rate of energy climb. Which aircraft reaches the upper 

altitude first, which has the greater air speed in the climb, and which 

reaches V WA „ first? 

MAX 



2. An aircraft with a maximum lift-to-drag ratio equal to 15 enters a 

maximum range power-off glide at an altitude of 30,000 feet. Can this 
aircraft reach an airfield 78 miles away? 



3. What is the effect of increasing the angle of glide from the angle for 
(L/D)^^ on the gliding distance? What is the effect of decreasing 
the angle of glide? 

4. For an aircraft with constant thrust available, what is the relationship 
between the velocity for maximum rate of climb and the velocity for 
minimum thrust required? (Use a plot of thrust versus velocity to show 
your answer) . 



5. What is the maximum rate of climb in feet per minute for a 22,000 lb 
aircraft with a drag of 15,000 lbs, an available thrust of 17,000 lb 

' and a velocity of 250 knots? 

6. The NATOPS shows that your best glide velocity is 300 knots (Calibrated 
air speed) at a weight of 17,500 lbs. What is your best glide speed at 
a weight of 13,000 lb? 

7. What is the ratio of the maximum glide distances for the two weights of 
Question 6? 

8. If the maximum glide distance is obtained at an Equivalent air speed of 
250 kts at an altitude of 5000 feet, what is the Equivalent air speed 
for maximum glide distance at an altitude of 25,000 feet? 
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PERFORMANCE I 
Unit 3 



STUDY QUESTIONS - SOLUTIONS 



1. Aircraft A reaches altitude first 



Aircraft B climbs at a faster airspeed 



2 . 



Aircraft B reaches 

Distance L _ . _ 
Altitude D 



V 

MAX 



first. 



Distance 



30,000 ft 
5,280 ft/mi 



15 = 85 miles 



3. 



Yes, the aircraft can glide the required distance. 

Maximum rate of climb occurs where excess power is 

P = P ., - P = (T x V) - (T 

ex avail req avail req 



a maximum, 
x V) 



If thrust available is a constant, maximum excess power available occurs 
w’here Thrust required is a minimum. 



(Note that this is the case onlv if T is a constant!) 

— avail 

4. Increasing angle of glide DECREASES gliding diatance 
Decreasing angle of glide DECREASES gliding distance 
Optimum gliding distance is at the angle for (L/D),_. v 

iiAX 



5. 



RC 'ft/min = 



(T - D) lb x V ft/min 
W lb 



(17,000 - 15,000) lb x 250 kts x 1.68894 
23,000 lb 



ft/sec 

kts 



60 



min 

sec 



= 2302 ft/min (check your units!) 



6. From Eq. 4, page 6, Section 3-B 



V W 

2 2 r TT „„„ , . 13,000 lb 

— = — therefore V,, = 300 kts * YfJWlb 

= 262 kts 



Ratio is the same for (L/D) 



MAX 



Same Equivalent airspeed - 250 kts. 
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UNIT 3-A 



CLIMB PERFORMANCE 

3A-1 GENERAL, The subject of climb performance can be a highly controversial 
subject. There is not much controversy over reduction of actual climb data to 
standard conditions, but there is considerable controversy over the methods of 
determining climb schedules. Most of the controversy centers around the worth 
of "sophisticated" methods as opposed to the "shotgun" methods. What is needed 
is a theoretical yet practical method for determing the schedule for minimum 
time to climb. 

In discussing climb schedules, it is always necessary to preface any re- 
marks with a statement as to what kind of a schedule is being discussed. 
Depending upon the particular mission of the airplane and, in fact, upon the 
particular mission of the flight to be flown, the optimum condition for climb 
will vary. An interceptor launching to take over a particular CAP station is 
primarily interested in climbing to his CAP altitude with the minimum expen- 
diture of fuel. An interceptor launching to intercept an incoming raid will 
be primarily interested in arriving at the attack altitude with best fighting 
speed and in the minimum time. An attack aircraft launching on a strike 
mission will be primarily interested in climbing on a schedule of maximum 
range covered per pound of fuel burned. Still other types of missions may 
require or desire optimization of other factors during the climb. 

3A-2. OPTIMIZED CLIMB PERFORMANCE 

In a broad general look at the problem of climb performance, the problem 
consists of moving the airplane from a point of approximately zero altitude 
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and airspeed to an end condition representing some desired altitude (usually 
high) and airspeed. The mission will, of course, dictate the end condition or 
that point at which to transition from the climb phase to the level flight or 
maneuvering phase. 

An initial point and some arbitrary end condition for the climb could be 
represented on a plot of altitude versus airspeed by points such as (A) and 
(B) on Figure 3A-1. 

Points (A) and (B) can theoretically be connected by an infinite number 
of paths such as (1), (2), (3), (4) which would represent an infinite number 
of climb schedules. One of these infinite number of paths will represent an 
optimum path in regard to, say, minimum time to climb to point B. Another 




path will be optimum with respect to minimum fuel used. Still other paths will 
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represents optimization with respect to whatever variable we choose. The 
problem is to locate or identify these optimum paths. 

The optimum path is naturally a function of the vehicle - its capabilities 
and its limitations. Superimposing the vehicle's flight envelope over the 
various paths will rule out many paths as impossible, but there will still be 
one possible path representing optimum conditions with respect to a desired 
variable. 

It is possible to write equations describing any path between known end 
conditions, and by the methods of Variational Calculus to operate upon these 
equations to obtain equations for optimum paths. The equations are extremely 
complicated and require iterative solution by digital computing machines. The 
solution requires accurate inputs of engine, airframe and atmospheric data 
which must be obtained by flight test, but solutions are possible provided the 
data, patience and money are available to feed the computing machine. 

3 A- 3. BASIC CONSIDERATIONS 

During climbing flight, the airplane gains potential energy by virtue of 
elevation. This increase in potential energy during a climb is provided by 
one, or a combination of two means: (1) expenditure of propulsive energy above 
that required to maintain level flight or (2) expenditure of airplane kinetic 
energy, i.e., loss of velocity by a zoom. Zooming for altitude is a transient 
process of trading kinetic energy for potential energy and is of considerable 
importance for airplane configurations which can operate at very high levels 
of kinetic energy. However, the major portions of climb performance for most 
airplanes is a near steady process in which additional propulsive energy is 
converted into potential energy. The fundamental parts of airplane climb 
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performance involve a flight condition where the airplane is in equilibrium 
but not at constant altitude. 

The forces acting on the airplane during a climb are shown by the 
illustration of Figure 3A-2. 




When the airplane is in steady flight with moderate angle of climb, the 
vertical component of lift is very nearly the same as the actual lift. Such 
climbing flight would exist with the lift very nearly equal to the weight. 
The net thrust of the powerplant may be inclined relative to the flight path 
but this effect will be neglected for the sake of simplicity. Note that the 
weight of the aircraft is vertical but a component of weight will act aft 
along the flight path. 
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If it is assumed that the aircraft is in a steady climb with essentially 
small inclination of the flight path, the summation of forces along the flight 



path resolves to the following: 



Forces forward = Forces aft 



T = D + W siny 



( 1 ) 



where 



T = thrust available, lbs 



D = drag, lbs. 



W = weight, lbs. 



y = flight path inclination or angle of climb, degrees 



This basic relationship neglects some of the factors which may be of 
importance for airplanes of very high climb performance. For example, a more 
detailed consideration would account for the inclination of thrust from the 
flight path, lift not equal to weight, subsequent change of induced drag, etc. 
However, this basic relationship will define the principal factors affecting 
climb performance. With this relationship established by the condition of 
equilibrium, the following relationship exists to express the trigonometric 
sine of the climb angle, : 



This relationship simply states that, for a given weight airplane, the 
angle of climb (y) depends on the difference between thrust and drag 
(T - D) , or excess thrust. Of course, when the excess thrust is zero 
(T - D = 0 or T = D) , the inclination of the flight path is zero and the 




( 2 ) 
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airplane is in steady, level flight. When the thrust is greater than the 
drag, the excess thrust will allow a climb angle depending on the value of ex- 
cess thrust. Also, when the thrust is less than the drag, the deficiency of 
thrust will only allow an angle of descent. 

The maximum angle of climb will occur where there exists the greatest 
difference between thrust available and thrust required, i.e., maximum 
(T - D) Figure 3A-3 illustrates the climb angle performance with the curves 
of thrust available and thrust required versus velocity. The thrust required, 
or drag, curve is assumed to be representative of some typical airplane confi- 
guration which could be powered by either a turbojet or propeller type power- 
plant. The thrust available curves included are for a characteristic propeller 
powerplant and jet power-plant operating at maximum output. 




t-d 

w 
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The thrust curves for the representative propeller aircraft show the 
typical propeller thrust which is high at low velocities and decreases with an 
increase in velocity* For the propeller powered airplane, the maximum excess 
thrust and angle of climb will occur at some speed just above the stall speed* 
The thrust curves for. the representative jet aircraft show the typical 
turbojet thrust which is very nearly constant with speed. If the thrust 
available is essentially constant with speed, the maximum excess thrust and 
angle of climb will occur where the thrust required is at a minimum, (L/D) . 

Thus, for maximum steady-state angle of climb, the turbojet aircraft would be 
operated at the speed for (L/D)^^ . 

Of great general interest in climb performance are the factors which 
affect the rate of climb. The vertical velocity of an airplane depends on 
the flight speed and the inclination of the flight path. In fact, the rate 
of climb is the vertical component of the flight path velocity. By the diagra 
of Figure 3A-2 the following relationship is developed: 



since 



then 



and, 



RC = V siny 



siny = 



T - D 
W 



RC = V 



(T - D) 
W 



with Pa = 



TV 



33,000 



(3) 



(4) 



and 



Pr 



DV 

33,000 



RC = 33,000 



/ Pa - Pr 

\ W 
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where 



RC = rate of climb, ft/min 

Pa = power available, h.p. 

Pr = power required, h.p. 

W = weight, lbs. 

V = true airspeed, ft/min 

and 

33,000 is the factor converting horsepower to ft-lbs/min 
■The above relationship shows that, for a given weight airplane, the rate 
of climb (RC) depends on the difference between the power available and the 
power required (Pa - Pr) , or excess power. Of course, when the excess power 
is zero (Pa - Pr = 0 or Pa = Pr) , the rate of climb is zero and the air- 
plane is in steady level flight. When the power available is greater than the 
power required, the excess power will allow a rate of climb specific to the 
magnitude of excess power. Also, when the power available is less than the 
power required, the deficiency of power produces a rate of descent. This 
relationship provides the basis for an important axiom of flight technique: 
"For the conditions of steady flight, the power setting is the primary control 
of rate of climb or descent". 

One of the most important items of climb performance is the maximum rate 
of climb. By the previous equation for rate of climb, maximum rate of climb 
would occur where there exists the greatest difference between power available 
and power required, i.e., maximum (Pa - Pr) . Figure 3A-4 illustrates the 
climb rate performance with the curves of power available and power required 
versus velocity. The power required curve is again a representative airplane 
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which could be powered by either a turbojet or propeller type powerplant. 

The power available curves included are for a characteristic propeller power- 
plant and jet powerplant operating at maximum output. 




The power curves for the representative propeller aircraft show a 
variation of propulsive power typical of a reciprocating engine-propeller 
combination. The maximum rate of climb for this aircraft will occur at some 
speed near the speed for (L/D) . 

The power curves for the representative jet aircraft show the near 
linear variation of power available with velocity. The maximum rate of climb 
for the typical jet airplane will occur at some speed much higher than that 
for maximum rate of climb of the equivalent propeller powered airplane. In 
part, this is accounted for by the continued increase in power available with 
speed. 
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The composite chart of climb performance depicts the variation with alti- 
tude of the speeds for maximum rate of climb, maximum angle of climb, and 
maximum and minimum level flight airspeeds. As altitude is increased, these 
various speeds finally converge at the absolute ceiling of the airplane. At the 

i 

absolute ceiling, there is no excess of power or thrust and only one speed will 
allow steady level flight. 

Specific reference points are established by composite curves of climb 
performance. First, the absolute ceiling of the airplane produces zero rate 
of climb. The service ceiling is specified as the altitude which produces a 
rate of climb of 100 fpm. The altitude which produces a rate of climb of 
500 fpm is termed the combat ceiling. Usually, these specific reference points 
are provided for the airplane at the combat configuration or a specific design 
configuration. 
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The composite curves of climb performance for the typical turbojet 
airplane are shown in Figure 3A-5. One particular point to note is the more 
rapid decay of climb performance with altitude above the tropopause. This is 
due in great part to the more rapid decay of engine thrust in the stratosphere. 



3A-4. ENERGY APPROACH « Since the climb problem encompasses acceleration to 
an airspeed suitable for the particular mission of the flight as well as 
climbing to a particular altitude, consideration of the climb from an energy 
standpoint is advisable. The energy that we are concerned with is mechanical 
energy. It consists of two types. Potential energy is the energy of position 
and is representative of the altitude of the plane. Kinetic energy is the 
energy of motion and is representative of the speed of the plane. We will call 
the sum of potential and kinetic energy total energy. 

We will approach the climb problem by minimizing the time or the fuel 
required to advance from one total energy level to another. This total energy 
level will be determined by summing the potential energy and kinetic energy of 
the airplane’s position and speed. 

Total Energy = Potential Energy + Kinetic Energy 

TE = PE + KE (5) 

or 

1 w 2 W 

TE = Wh+i~V z - = M (Mass) (6) 

2 g g 



To minimize time between energy levels we wish to maximize the rate of 
change of total energy. As a first step, let us differentiate the total 
energy equation with respect to time 



d(TE) _ dh W dV dW dW 

dt dt g dt dt 2g dt 



(7) 
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If we analyze the order of magnitude of the terms in (7) for a representa- 



tive airplane we will find that the two terms containing dW/dt will be small 
in relation to the other terms. The dW/dt terms are particularly small in 
non-afterburning airplanes and can almost always be neglected. In afterburning 

i 

airplanes the two dW/dt terms may possibly be significant enough that they 
cannot be neglected. In present day aircraft, however, under the most adverse 
conditions (at slow speed and low altitude) the d W/dt terms generally do not 
represent more than 5-7% of the total energy and can be neglected withou intro- 
ducing excessive errors. Thus we can reduce equation (7) to the following: 



(assuming = 0) 

at 



d(TE) = w dh WV dV 

dt dt g dt 



( 8 ) 



Before proceeding with the energy equation let's stop for a moment and 
look at the forces acting along the flight path of a climbing airplane. 



w 

9 




FIG. 3A-6 



Noting the forces along the flight path in Figure 3A-6, we see that the 

thrust force, (F) , is opposed by the drag, (D) , a component of the weight, 

W dV 

(W siny) , and the force required to accelerate the airplane linearly, (— — ) 

g Qt 

(Assuming that the angle of attack of the thrust axis is zero) . Thus 



W dV 

F = D + W siny + — ~ 
g dt 



(9) 



Solving equation (9) for dV/dt 



( F 

dt W K 



- D - W siny) 



( 10 ) 



Also noting that 



V siny = dh/dt 



(vertical velocity) 



( 11 ) 



We may substitute equations (10) and (11) into (8) 



and 



d(TE) 

dt 



= W V siny + 



W 



d(TE) 

dt 



V g (F - D - W siny) 
W 



VF - VD 



( 12 ) 



(13) 



Equation (13) says that rate of change of total energy is equal to excess 
power or is proportional to excess thrust horsepower. This means that the 
difference between the power available and the power required for an airplane 
at a given speed and altitude, which is called excess power, is equal to the 
rate of change of total energy at that speed and altitude. Figure 3A-7 
illustrates this graphically. 

The excess power which is available over that required to maintain level 
flight at a given altitude and speed is power which is available for climbing 
or maneuvering the airplane. It is this quantity which must be measured by 
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flight test at various speeds and altitudes in order to determine recommended 
climb schedules. 




FI6. 3A-7 



To see how to measure excess power or rate of change of total energy 

look at equation (8). First of all note that there is a weight factor in each 

term on the right side of the equation. We have assumed that weight can be 

considered constant, so divide both sides of the equation by weight. In doing 

so a new term is defined - specific energy (E, ) . Specific 'energy is total 

h 



energy per unit of weight with units of 



lb ft 
lb • 



F _ SI II 

E h " w 



( 14 ) 



Dividing equation (8) by weight gives an equation for rate of change of 
specific energy in units of ft/sec. 
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( 15 ) 



dE h = dh V dV 

dt dt g dt 

Equation (15) says that rate of change of specific energy is the sum of 

the rate of climb, (dh/dt) , and the term — 4“ . Determination of dE, /dt 

g dt h 

by flight test could be accomplished by holding dh/dt equal to zero, i.e. 
level flight, and measuring velocity and acceleration or by maintaining a 
constant true airspeed (dV/dt = 0) and measuring rate of climb. These two 
procedures are the basis for the level flight acceleration run technique and 
the sawtooth climb technique respectively for collecting climb performance 
data. There are other methods of measuring excess power or dE^/dt but the 
two methods mentioned above are the primary ones in use. 

3A-5. ESTABLISHMENT OF CLIMB SCHEDULES 

The data collected from acceleration runs, sawtooth climbs or whatever 
method is used can now be plotted on a composite plot of rate of change of 
specific energy (dE^/dt) or excess thrust horsepower versus true airspeed. 
This plot will have curves of dE^dt versus true airspeed corrected to stan- 
dard weight for each altitude at which data was collected. This plot will be 
similar to Figure 3A-8. 
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The data from Figure 3A-8 can be cross-plotted on coordinates of altitude 
and true airspeed for lines of constant rate of change of specific energy. 

The construction lines A, B, and C shown on Figure 3A-8, for example, would 
cross-plot as curves A, B, and C on Figure 3A-9. 
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To be absolutely correct, the altitude data should be corrected to stan- 
dard altitude before cross-plotting. Cross-plotting as many curves of constant 

dE,/dt on h and V coordinates as can be well defined from the data will 
h t 

result in more clearly defined climb schedules. 

‘The peaks of the curves of Figure 3A-8 with respect to the vertical axis 
will cross-plot as the peaks of the curves of figures 3A-9 as noted for points 
(1) and (6). A climb schedule based upon these vertical peaks would represent 
the speed at which maximum excess thrust horsepower occurs at each altitude. 
This speed will also represent the stabilized speed at which the airplane 
would experience the greatest rate of climb in passing through that altitude. 
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Prior to the advent of total energy concepts, climb schedules were based upon 
these vertical peaks. 

The vertical peaks normally occur at increasing true airspeeds at in- 
creasing altitudes. This requires acceleration of the airplane along its 
flight path. To accelerate the airplane requires excess thrust or power. 

Thus the excess thrust horsepower available from the engine under any given 
set of conditions must be split between the requirements of climbing and of 
accelerating. Both climbing and accelerating, however, will increase the total 

v 2 

mechanical energy of the airplane (E, = h + — ) • 

h 2g 

This is a favorable condition. In most climbing situations one is more 
interested in climbing to altitude and accelerating to best combat speed than 
in just reaching a given altitude. In other words, one is more interested in 
increasing total energy than in just increasing altitude. 

The schedule based upon the vertical peaks will not give the airplane 
the maximum rate of increase of total energy. If, however, lines of constant 

v 2 

specific energy (h + — , sometimes cabled "energy height' 1 or "energy alti- 
tude") are plotted on the coordinates of Figure 3A-9 , a new set of coordinates 
which is a measure of total energy is established. Now, the peaks of the lines 
of constant rate of change of specific energy with respect to levels of total 
energy will give a schedule for maximum rate of increase of total energy. See 
Figure 3A-10. 
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The energy climb schedule, as it is popularly named, is not the answer 
to every climb problem, but it is an improvement over previous schedules and 
does have a wide area of applicability. The energy climb schedule gives a 
path defined by airspeed and altitude for transitioning from one energy level 
to a higher energy level in the minimum period of time. The energy schedule 
represented by moving from point (1) to point (2) on Figure 3A-10 will get 
an airplane from the 10,000 ft energy altitude level to the 40,000 foot energy 
altitude level faster than any other schedule such as (3) to (4). The energy 
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schedule will not, however, get an airplane from one point such as (3) to 
another point such as (4) in the minimum period of time unless those points 
lie on the energy schedule, such as points (1) and (2). To optimize the time 
of transit from given initial conditions, such as take-off, to given end 
conditions, such as intercept speed and altitude, requires the more sophisti- 
cated mathematical approach of variational calculus. 

For transition between widely separated energy levels, however, the 
energy climb schedule normally approaches the optimum path and is recommended 
for jet climbs to high altitudes. 

Actual methods of determining recommended climb schedules vary greatly 
throughout the aircraft industry. The most popular method appears to be the 
"shotgun 11 method. This method involves flying a great number of random type 
schedules and picking a best schedule based upon flight test results. This 
method is easy since most jet flights will be carried to high altitude and 
there is ample opportunity to try various schedules. The worth of the 
"shotgun" method depends upon the procedures used to determine the various 
schedules to be tested. If the trial schedules are determined by skill and 
science rather than by ignorance and superstition, the shotgun approach 
provides a certain refinement and probably will produce a recommended schedule 
which is, in fact, optimum. For example, a trial schedule based upon accelera- 
tion run or sawtooth climb data which was then refined by "shotgunning" would 
most probably be a good schedule. Initial schedules based upon estimated ex- 
cess thrust horsepower data would be less accurate and those based upon only 
an "artistic sense" would be extremely poor. 
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Figure 3A-11 shows four actual climb schedules evaluated for the T-38A 
aircraft. Two schedules show a constant airspeed to constant Mach number flight 
path, one a maximum rate of climb flight path, and one a maximum energy climb. 

From a side by side comparison of climb schedules such as presented in Figure 

3A-11, optimum flight profiles may be chosen for a particular mission. 

Up to this point we have discussed the determination of climb schedules 
which represent the minimum time to climb. As was mentioned early in the 
chapter, for many type missions, basic variables other than time are of para- 
mount interest. In section 3A-4, we discussed the energy approach to climb 
performance, but we restricted our discussion to time rates of change of energy. 
In an analagous manner, we could have discussed rates of change of total energy 
per pound of fuel consumed. This would have involved differentiation of specific 
energy with respect to change of aircraft gross weight (due to burning fuel). 

dE h _ _d r fli, V dv 

dW dW ^ 2g' dW g dW 

Change in altitude per pound of fuel used dh/dW in sawtooth climbs or change 
in airspeed per pound of fuel dV/dW in acceleration runs would equal change 
in specific energy with respect to fuel used. Then, curves of constant dE^/dW 
drawn on energy coordinates would yield a minimum fuel to energy altitude 
schedule. 

A climb schedule which will yield maximum specific range during the climb 
will be fairly similar to an energy climb schedule. We are interested in 
achieving a maximum range for a minimum fuel expenditure during a climb to a 
desired altitude and end speed. From that altitude and end speed, the 
cruise climb portion of the flight would commence. 
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Ideally, the range problem can be solved mathematically for an optimum 
path from point of take-off to destination by the techniques of Variational 
Calculus in a manner similar to the discussed in section 3A-2. The ideal 
approach would involve only one phase or path - take-off to destination. The 
procedures for maximum range flight commonly used, however, involve three 
phases - climb, cruise and descent - and require individual optimization of 
each phase. This chapter is concerned with optimization of the climb phase. 

If the desired end point of the climb phase of the max range problem 
(and thus the initial point of the cruise phase) is at an airspeed similar to 
the climb speed for an energy "minimum fuel" climb, then the minimum fuel 
climb will very closely approximate the no-wind maximum miles per pound 
schedule. This is shown on Figure 3A-12. 

Since the initial point of the cruise climb is defined by an altitude 
and an airspeed for a particular gross weight, the schedule which gets you to 
that energy level represented by those conditions with the minimum fuel 
expenditure will be very close to the optimum schedule. 

Wind will affect the climb phase in a manner analagous to its effect on 

the cruise phase. For a headwind component an incremental increase in speed 

for the climb schedule will slightly improve range characteristic provided 

the peak of the dE,/dW curve with respect to energy altitude is not too 

h 

sharp. For a tailwind component an incremental decrease in speed will increase 
range over the no-wind scheduled speed. 
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CONSTANT 



dt 



Unit 3-B 



Descent Performance 

3B-1. INTRODUCTION 

In the study of climb performance, the forces acting on the airplane in 
a steady climb (or glide) produce the following relationship: 

sinY " ^ (1) 



where 

Y = angle of climb , degrees 
T = thrust, lbs. 

D = drag, lbs. 

W = lbs. 



In the case of power-off descent or glide performance, the thrust, T , 
is zero and the relationship reduces to: 

siny = - | (2) 

By this relationship it is evident that the minimum angle of glide - or 
minimum negative climb angle - is obtained at the aerodynamic conditions 
which incur the minimum total drag. Since the airplane lift is essentially 
equal to the weight, the minimum angle of glide will be. obtained when the 
airplane is operated at maximum lift-drag ratio, • When the angle 

of glide is relatively small, the ratio of glide distance to glide altitude is 
numerically equal to the airplane lift-drag ratio. 



glide ratio = 



glide distance, ft. 
glide altitude, ft. 



L 

D 



(3) 



Figure 33-1 illustrates the forces acting on the airplane in a power-off 
glide. The equilibrium of the steady glide is obtained when the summation of 
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forces in the vertical and horizontal directions is equal to zero. 




During a power off descent the deficiency of thrust and power define the 
angle of descent and rate of descent. Two particular points are of interest 
during a power-off descent: minimum angle of descent and minimum rate of 
descent. The minimum angle of descent would provide maximum glide distance 
through the air. Since no thrust is available from the power plant, minimum 
angle of descent would be obtained at (l/D)^^ . At (L/D)^^^ the defir 
ciency of thrust is a minimum and, as shown by figure 3B-2, the greatest 
proportion between velocity and power required is obtained. The minimum 
rate of descent in power-off flight is obtained at the angle of attack and 
airspeed which produce minimum power required. 
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THP r 



V 

POWER OFF DESCENT PERFORMANCE 
FIG. 3B-2 

In order to obtain maximum glide ratio, the airplane must be operated 
at the angle of attack and lift coefficient which provide maximum lift-drag 
ratio. The illustration of figure 3B-3 depicts a variation of lift-drag 
ratio, L/D , with lift coefficient, C , for a typical airplane in the 
clean and landing configurations* Note that (L/D)^x f° r each configuration 
will occur at a specific value of lift coefficient and, hence, a specific 
angle of attack* 




i 
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FIG. 3B-3 



Thus, the maximum glide performance of a given airplane configuration 

will be unaffected by gross weight and altitude when the airplane is operated 

at (L/D) . Of course, an exception occurs at very high altitudes where 

MAX 

compressibility effects may alter the aerodynamic characteristics. The 
highest value of (L/D) will occur with the airplane in the clean configu- 
ration. As the airplane is changed to the landing configuration, the added 
parasite drag reduces (L/D)^^ and the which produces (L/D)^^ will 

be increased. Thus, the best glide speed for the landing configuration 
generally will be less than the best glide speed for the clean configuration. 

The power-off glide performance may be appreciated also by the graph of 
rate of descent versus velocity shown in figure 3B-4. When a straight line 
is drawn from the origin tangent to the curve, a point is located which pro- 
duces the maximum proportion of velocity to rate of descent. Obviously, this 
condition provides maximum glide ratio. Since the rate of descent is pro- 
portional to the power required, the points of tangency define the aerodynamic 

condition of (L/D).. av . 

MAX 
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POWER OFF 



V 

FIG. 3B-4 



3B-2. PARAMETERS IN DESCENT PERFORMANCE 

In order to obtain the minimum glide angle through the air, the airplane 
must be operated at (L/D) lv ^. . The subsonic a §^ ven a i r Pl ane 

configuration will occur at a specific value of lift coefficient and angle 
of attack. However, as can be noted from the curves of figure 3B-3, small 
deviations from the optimum C will not cause a drastic reduction of (L/D) 

L 

and glide ratio. In fact, a 5 percent deviation in speed from the best glide 
speed will not cause any significant reduction of glide ratio. This is fortu- 
nate and allows the specifying of convenient glide speeds which will be 
appropriate for a range of gross weights at which power-off gliding may be 
encountered, e.g., small quantities of fuel remaining. 

An attempt to stretch a glide by flying at speeds above or below the 
best glide speed will prove futile. As shown by the illustration of figure 
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3B-3, any C above or below the optimum will produce a lift-drag ratio less 
Li 

than the maximum. If the airplane angle of attack is increased above the 
value for (L/D)^x > a transient reduction in rate of descent will take 
place but this process must be reserved for the landing phase. Eventually, 
the steady-state conditions would be achieved and the increased angle of 
attack would incur a lower airspeed and a reduction in (L/D) and glide 
ratio. 

The effect of gross weight on glide performance may be difficult to 
appreciate. Since a §^ ven a i r Pl ane configuration will occur 

at a specific value of , the gross weight of the airplane is operated at 

the optimum C . Thus, two airplanes of identical aerodynamic configuration 

Li 

but different gross weight would glide the same distance from the same altitude. 

Of course, this fact would be true only if both airplanes are flown at the 

specific to produce • The principal difference would be that 

the heavier airplane must fly at a higher airspeed to support the greater 

weight at the optimum C . In addition, the heavier airplane flying at the 

Li 

greater speed along the same flight path would develop a greater rate of 
descent. 

The relationship which exists between gross weight and velocity for a 
particular C L is as follows: 




(constant C^) 



(4) 



where 

= best glide speed corresponding to some original gross weight, 
= best glide speed corresponding to some new gross weight, 
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As a result of this relationship, a 10 percent increase in gross weight would 
require a 5 percent increase in glide speed to maintain (L/D) AV . While 
small variations in gross weight may produce a measurable change in best glide 
speed, the airplane can tolerate small deviations from the optimum with- 

out significant change in (L/D) and glide ratio. For this reason, a standard 
single value of glide speed may be specified for a small range of gross weights 
at which glide performance can be of importance. A gross weight which is con- 
siderably different from the normal range will require a modification of best 
glide speed to maintain the maximum glide ratio. 

The effect of altitude on glide performance is insignificant if there 
is no change in (L/D)^^, . Generally, the glide performance of the majority 
of airplanes is subsonic and there is no noticeable variation of (L/D)^^^^ 
with altitude. Any specific airplane configuration at a particular gross weight 
will require a specific value of dynamic pressure to sustain flight at the 

for (L/D)^x • Thus, the airplane will have a best glide speed which is 
a specific value of equivalent airspeed independent of altitude. For con- 
venience and simplicity, this best glide speed is specified as a specific 
value of indicated airspeed and compressibility and position errors are 
neglected. The principal effect of altitude is that at high altitude the 
true airspeed and rate of descent along the optimum glide path are increased 
above the low altitude conditions. However, if (L/D) mav is maintained, the 
glide angle and glide ratio are identical to the low altitude conditions. 

The effect of configuration has been noted previously in that the addition 
of parasite drag by flaps, landing gear, speed brakes, external stores, etc. 
will reduce the maximum lift-drag ratio and cause a reduction of glide ratio. 
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In the case where glide distance is of great importance, the airplane must be 
maintained in the clean configuration and flown at * 

The effect of wind on gliding performance is similar to the effect of 
wind on cruising range. That is, a headwind will always reduce the glide 
range and a tailwind will always increase the glide range. The maximum glide 
range of the airplane in still air will be obtained by flight at * 

However, when a wind is present, the optimum gliding conditions may not be 
accomplished by operation at ' For exam P-*- e > w h en a headwind is 

present, the optimum glide speed will be increased to obtain a maximum pro- 
portion of ground distance to altitude. In this sense, the increased glide 
speed helps to minimize the detrimental effect of the headwind. In the case 
of a tailwind, the optimum glide speed will be reduced to maximize the benefit 
of the tailwind. For ordinary wind conditions, maintaining the glide speed 
best for zero wind conditions will suffice and the loss or gain in glide dis- 
tance must be accepted. However, when the wind conditions are extreme and 
the wind velocity is large in comparison with the glide speed, e.g., wind 
velocity greater than 25 percent of the glide speed, changes in the glide speed 

must be made to obtain maximum possible ground distance. 

% 

3B-3. CALCULATION OF DESCENT SCHEDULES 

Descent performance can be developed into a field in itself which would 
include such things as the determination of airspeeds which maximize time 
aloft under dead stick conditions, optimum range/fuel consumption schedules 
in descent, etc. One very practical problem in descent is the determination 
of a recommended airspeed schedule for maximum range glide in a jet airplane 
under a flamed-out situation. 
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It was mentioned previously that an airframe has one angle of attack at 
which C T /C n is a maximum and that while gliding at this optimum angle of 
attack range in glide was maximized. (At a given angle of attack, C^/C^ 

EQUALS GLIDE RATIO) . To say this, we ignore variations in trim drag associated 
with large CG shifts and the effects of M and R^ on the shapes of the 
and Cp curves. 

This optimum angle of attack is independent of airplane gross weight. 

If an airplane is at this optimum angle of attack, the glide angle is minimized. 




FOR A FIXED L/D RATIO, 
y IS A CONSTANT, NO 
MATTER WHAT THE 
WEIGHT. 



This brings up some interesting thoughts. If weight is increased, the 
vectors L and D must be longer. This means higher airplane speeds. In 
other words. If you are heavy at flame-out, you must hold a faster indicated 

speed to hit the optimum angle of attack. Once at this angle of attack, your 

gliding range is just as great from a given altitude as it would be at the 

optimum angle of attack if you were light. Your rate of descent will be 
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greater in the heavy case, of course, but your increased forward speed cancels 
this out. This means that in theory if you had to make a field upwind from 
you, your glide range will be greater with tip fuel still aboard than without 
it since the wind will have less time to act. By jettisoning fuel, however, 
you gain time to attempt a relight and, of course, have obvious advantages 
in effecting the landing what with lower stalling speeds, etc. (The idea of 
keeping fuel aboard is brought up at only a physics problem and no changes 
to sound operating procedure are implied) . 

The problem becomes finding a schedule of indicated airspeed vs. altitude 
(or an approximate fixed V ) which will give maximum range in glide. A 
weight correction thumb rule may be practical (i.e., increased glide speed so 
many knots for every 1000 pound over a standard weight) . 

One method of obtaining a descent schedule is to make several power off 
descents holding a constant and recording altitude vs. time in descent. 

OAT is likewise recorded at various altitudes. The resulting plot will look 
like this 
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This plot is then differentiated to give values of dh/dt at various alti- 



tudes for each value of V . A table is made up for each V : 

c c 



V = 170 
c 



Altitude 


dh 

dt 


V 

c 

To 


V T 

dh 

Glide ratio dt 


30,000 


xxxx ft /min 


xxxx ft/min 


XX 


28,000 


xxxx ft /min 


xxxx ft/min 


XX 


26,000 


xxxx ft/min 


xxxx ft/min 


XX 


etc. 


xxxx ft/min 


xxxx ft/min 


XX 



(Since glide angles are normally less than 15%, siny is assumed to equal 
tany ) . 

Once this data has been accumulated for all test V^'s , the following 
plot can be constructed for each altitude: 




Vc 

FIG. 38-7 

The following plot can then be constructed: 
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FIG. 3B-8 

Note: the exact shape of this curve will depend upon (1) compressibility 

corrections, (2) effects of on and curves, (3) effects of M 

on C and C n curves and (4) the variation of test gross weights. Usually 
the difference in is not great enough to warrant the publishing a 

"schedule” to the fleet — a picked will suffice. 

Weight must be controlled throughout the test in some airplanes. If you 
know the gross weight at the points that define the curve above, the corrected 
for a standard gross weight may be calculated by the formula: 

W W 

Test _ Standard ( v 

v 2 = v 2 

6 Test 6 Standard 

(Notice that the V 1 s must be changed to V for the correction). The 

c e 

formula is based on the assumption of constant C for both conditions. 

■L 

Recommended schedules which apply for gross weights other than "standard” 
can be computed by the same formula. 
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What we have actually established in this test is the point marked 



L/D max as shown in figure 3B-9 . 




The ^ be found graphically by drawing a line from the origin 

to the point of tangency with the curve. (Note analogy with previously dis- 
cussed power required curves) . The point of minimum sink rate can be shown to 

l 3/2 

occur at — — 

D MAX 

As an example of establishing a descent schedule for an aircraft, observe 
figures 3B-10, 3B-11, and 3B-12 which are actual descent data plotted for the 
T-38A aircraft. Observe the varying parameters (time, distance, fuel used and 
rate of descent) from varying calibrated airspeeds. From these curves the 
actual optimum descent airspeeds are obtained. 
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3B-4, Final Stages of Descent Performance 

In preparing for a landing we must stick out some high drag items such as 
wheels and flaps and in doing so we jump from one curve to another: See 

Figure 3B-13. 

Once in the final stages of our approach in the landing configuration 
we must keep two things in mind: (1) we want to remain somewhere near the 
point of L/D max (landing configuration) and (2) we want to maintain sufficient 
speed for a good flare. 

POWER OFF 




FIG. 3B-I3 

Once we leave our stabilized glide condition and start our flare, we 
leave the curve on the left (Figure 3B-13) . By decelerating we trade our KE 
for PE and try to establish a flight path tangential to the runway. Once we 
stop decelerating, however, we are strapped to the rate of sink values listed 
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on the curve. You can only afford to decelerate to a speed as low as that 
necessary for control (see "stall' 1 on 3B-13, so the control of speed and 
altitude at start of flare becomes a problem in pilot's judgement. The recom- 
mended landing configuration approach speeds for most present day jets has 
been in excess of the speed for L/D max (landing configuration) . (Point B) 
(Notice that for the case shown by holding speed at B and cleaning up the 
airplane the glide can be "stretched" to Point C.) Remember, once the glide 
deceleration has stopped, the sink rate is fixed. To accelerate back up to 
start another flare you go from bad to worse (from an energy concept, the 
rate of sink is higher than the curve value) . 

Note should be taken of the fact that sink rates are high for airplanes 
of high wing loading and that there is an abrupt increase in sink rate below 
the stabilized speed for minimum sink as angle of attack is increased (in- 
creased induced drag). One current fighter plane has almost three times the 
sink rate at 125 knots that it has at 150 knots. (Both stabilized speeds 
in landing configuration.) If the pilot finds himself at low altitude at a 
speed below which he dares not decelerate, he is committed to landing like a 
streamlined safe. 
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SUPPLEMENTARY PROBLEMS 



UNIT 3 

1. A 10,000 lb aircraft at 10,000 feet has a coefficient of drag 

= 0.02 + 0.04 C T 2 
D L 

2 

This aircraft has a wing area (S) of 600 ft and a constant thrust of 
6000 lb. What is the maximum rate of climb? 

2. A reciprocating engine aircraft has a constant power available. At 
what velocity will this aircraft have the maximum rate of climb if the 
aircraft has a parabolic polar? 

3. If the aircraft of Problem 1. loses its thrust, what is its maximum 
glide ratio? 

4. An aircraft at 20,000 feet has a drag coefficient in the clean configu- 
ration of 

C = 0.02 + 0.04 C 2 

U Li 

with the gear down, this aircraft has a drag coefficient of 

C = 0.04 + 0.04 C 2 
D L 

What is the difference in maximum gliding distance for the aircraft in 
the clean configuration as compared with the aircraft in the gear down 
configuration? 

5. A T-1A jet aircraft weighing 15,000 lb burns 2,500 lb of fuel per hour 
at 300 knots at a geopotential altitude of 10,000 feet. If the airspeed 
is kept constant at 300 knots True air speed, what is the rate of climb 
of this aircraft due to weight change? 
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